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Abstract 
The increase in environmental levels of platinum can in part be attributed to the 
introduction of motor vehicle catalytic converters. Quadrupole inductively cou-
pled plasma mass spectrometry (Q-ICP-MS) has been evaluated as a analytical 
tool for the determination of platinum in environmental samples, such as vegeta-
tion, roadside dust, soil and sediment. Instrumental parameters were studied and 
a forward power of 1.4 kW and nebuliser flow rate of 0.95 1 min-1 were shown 
to give the optimum signal response for the 195Pt+ isotope. A detection limit of 
0.12 ng ml-1 was achieved. Iridium was shown to be the most suitable choice 
for use as an internal standard with the 191Ir+ isotope being monitored. Various 
digestion methods were studied with aqua regia / hydrofluoric acid open vessel 
digestion being found to give good recovery for 2 certified reference materials, 
NIST 2556 (Used Autocatalyst, Pellets) and 2557 Used Autocatalyst, Monolith) 
with concentrations of 681 (38) 11g g-1 and 1085 (32) 11g g-1 respectively [certified 
values 697.4 (2.3) 11g g-1 and 1131 (11) 11g g-1]. Attention has been given to 
the problem of spectroscopic interference on 195Pt+ from hafnium oxide. Various 
correction methods were evaluated with a modification proposed to a previous 
method of mathematical correction being found to provide the best correction for 
the 179Hf16Q+. An 'in-house' reference sample was prepared from a used catalytic 
converter and its platinum content of 3563 (176) ng g-1 established through inter-
laboratory and inter-method procedures. Common rye grass (Lolium perenne) was 
shown to uptake platinum from both solid and liquid platinum-containing matri-
ces. The methods developed were applied to a study of roadside dust samples 
taken from a busy section of the London M25 orbital motorway. The measured 
platinum levels of up to 194 ng g-1 agree with published literature from other Eu-
ropean countries and represent a useful contribution to the knowledge concerning 
roadside platinum in the UK. 
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Chapter 1 
Introduction 
((Platinum is a most valuable metal ... it is admirably adapted for the 
uses of the philosophical chemist. " 
Sir Humphry Davy 
Contents 
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1 
2 INTRODUCTION 
1.1 An Introduction to Platinum 
The remarkable properties of metals have been known and acknowledged as 
one of the most valuable acquisitions of civilised man since very early times. As · 
production of metals has increased and their applications to both industry and 
art became established, it is now accepted that a constant supply of metals is one 
of the principal factors for industrial progress. In contrast to metals and alloys 
such as iron, copper, gold and bronze, which have been mined and utilised for 
thousands of years, platinum is relatively new, having come to the fore in only the 
last century [Smith, 1924]. 
1.2 The History of Platinum 
Platinum is one of the 92 elements to be found in nature. It is found at very 
low levels, around 1 ng g-1 in the earth's crust and 0.19 pg ml-1 in the Pacific 
Ocean [Emsley, 1991] . Since its discovery in the 18th century, the properties 
of the metal and ways of which to work it, have been thoroughly investigated. 
It is now one of the most valuable metals known and despite its low terrestrial 
abundance, it is mined extensively wherever the reserves exist. Recent years have 
seen a dramatic increase in the number of applications to which platinum is suited; 
a number of these are described in the following sections. 
1. 2.1 Discovery 
The earliest reference to the white heavy metal, later to be christened plat-
inuin, was by Julius Scalinger in his book, 'Exercitations Exotericoe de Subtilate', 
published circa 1600 [Smith, 1924]. Here he speaks of a 'white infusible metal 
found in the mines of Mexico and Darien {Pananma) '. 
1.3. THE OCCURRENCE OF PLATINUM 3 
The metal itself was first mentioned by name by a Spanish naval officer, Don 
Antonio de Ulloa, who describes it as 'platina' in his account of his travels to South 
America in 1735. It is to him that the discovery of platinum is attributed. The 
white appearance and close resemblance to silver earned it the name of platina del 
Pinto by the Spaniards. (platina from the diminutive of plata, Spanish for silver, 
and Pinto after the Colombian river in which the metal was first found, contained 
within its auiferous sands). 
Humphry Davy noted the 'igniting power of platinum' in 1817 whilst perform-
ing experiments on the combustibility of coal gas and air mixtures using his wire 
gauze safety lamp [York, 1999]. Introduction of fine platinum wire to the lamp 
gave rise to the accidental discovery of heterogenous catalytic oxidation. 
During the later half of the 18th century, investigations into the chemical nature 
of this metal began in earnest and by the 1850s, platinum apparatus manufactured 
from metal melted by an oxy-hydrogen process (invented in 1847) was exhibited 
by Messrs. Johnson, Matthey & Co. at the International Exhibitions staged in 
London and Paris. 
The realisation of the unique chemical and physical properties of platinum dur-
ing the Victorian era meant that the early 1900s saw such an increase in demand 
for the metal that it far exceeded supply [Smith, 1924]. 
1.3 The Occurrence of Platinum 
It was during the 1920s that Russia ceased to supply Johnson Matthey with 
crude platinum who were therefore forced to search for other deposits. They came 
across an alluvial deposit in the Bushveld Igneous Complex (BIC) which extends 
for more than 400 kilometres in the Northern Province of the Republic of South 
Africa. It is believed to have been formed around 2 billion years ago when vast 
quantities of molten rock from the earth's mantle were brought to the surface 
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through long vertical cracks in the earth's crust to form the igneous intrusion. 
Over time, the crystallisation of these minerals at different temperatures resulted 
in the formation of a layered structure containing distinct mineral strata. It is 
estimated that the BIC consists of 50 000 tons ofplatinum group element (PGE) 
reserves, accounting for some 69% of the world's total. 
In the western BIC, the Merensky reef occurs as a 25 em wide band bound by 
two thin chromite layers with high levels of gold, nickel and copper; all important 
by-products. Another reef that is now being exploited is known as UG2 which, 
until recent years, was difficult to process due to high chromium levels. It is 
estimated that the reserves in this reef are twice that of the Merensky reef. 
The South African mines are the only primary producers of the platinum group 
ele1nents and in 1989, the Republic's output was 2.6 million ounces out of a total 
global output of 3.4 million ounces. Almost 80% of the world's platinum in that 
year came from two South African companies; Amplat's Rustenburg Platinum and 
Gencor's Impala Platinum (Chamber of Mines of South Africa, 1997]. 
Today, the majority of the world's production comes from the BIC, the Stillwa-
ter Complex (USA), Norilsk (East Siberia) and the Sudbury intrusion (Canada). 
There is also a limited amount of platinum production in Australia. Historically, 
this came from the alluvial deposits at Fifield, New South Wales, but is currently 
being produced at Kambalda, Western Australia, as a by-product of nickel-copper 
ore mining. (Garrad, 1999] 
1.3.1 Geology 
The worldwide deposits of platinum can be grouped into three major types. 
These are based on style and origin of mineralisation [Lapidus, 1990]. 
layered mafic-ultramafic intrusions: a mafic rock is one that pertains to mag-
nesium and iron-rich minerals (mafic from magnesium+ ferric). Its combi-
1.3. THE OCCURRENCE OF PLATINUM 5 
nation with silica can be described as ultramafic. Layering can occur within 
the mineral as a result of differences in grain size, texture or composition. 
Examples include the BIC and the Stillwater Complex where they occur in 
narrow laterally persisitent sulphide and chromite-bearing reefs. 
alluvial placer deposits: a surficial deposit containing sufficient quantities of 
!t"j 
minerals to be considered economical-viable is known as a placer deposit. 
/ 
Such deposits typically consist of minerals of high density and resistance to 
chemical weathering and physical abrasion. When gravity separation occurs, 
due to flowing water, an alluvial deposit is formed. 
The reserves in the Urals, Russia are of this type. 
nickel copper sulphide deposits: seen in mafic intrusives related to flood basalts. 
These arise from extremely fluid basaltic larva erupting as a series of hori-
zontal flows in rapid succession. This type of flow has the ability to cover 
vast areas. 
The Norilsk (Russia) and Duluth (USA) deposits are examples. 
1.3.2 Geochemistry 
Platinum occurs naturally, associated with small amounts of iridium, osmium, 
palladium, ruthenium and rhodium. These are contained in the alluvial deposits 
of the Ural mountains in Russia, in Columbia and in certain western American 
states. The mineral sperry lite (PtAs2 ), found in the nickel-bearing deposits of 
Sudbury, Ontario is a major source of the metal. It is the large production of 
nickel from this site that offsets the relatively low yield of 0.5 pg g-1 platinum in 
the ore. There are numerous other platinum-bearing ores and alloys as given in 
Table 1.1 [Weast, 1983; Athena Mineralogy, 2000]. 
The geochemical properties of platinum and the other PG Es are worthy of 
mention. To quote Reddi & Rao [1999]: 
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Table 1.1: Platinum-containing minerals and alloys 
Name Formula Name Formula 
Minerals 
cooperite (Pt,Pd,Ni)S stumpftite Pt(Sb,Bi) 
geversite Pt(Sb,Bih insizwaite Pt(Bi,Sb)2 
braggite (Pt,Pd,Bi)S moncheite (Pt,Pd) (Te,Bi)2 
Alloys 
isoferroplatinum (Pt3 ,Fe) tulameenite (Pt2CuFe) 
zvyagintsevite (Pt,Pd,Au)a (Pb,Sn) platiniridium (Ir5oPt5o) 
"The precious metals possess some unique geochemical characteristics. 
They are very refractory, having high boiling points and a strong affin-
ity for iron (siderophile) and for sulphur (calcophile). They are nor-
mally present in silicate rocks at very low levels. The precious metals 
often form discrete phases, such as alloys and therefore, unlike rare-
earth elements, they do not appear to partition themselves extensively 
between silicate phases." 
Geochemical mapping studies of the Shetland Islands, Scotland, show the 
presence of platinum to have strong correlation with copper in preference to 
chromium or nickel. This was shown through the study of stream sediments 
[Flight et al., 1994]. 
Work on aqueous geochemistry suggests that natural organic acids (fulvic and 
hu1nic) may increase the precious-metal transportation capabilities through either 
complexation or protection of colloidal particles [Wood et al., 1992]. 
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1.3.3 Mining and refining 
Platinum ore mining is similar to that of gold in as much as the ore body 
occurs as a thin, tabular reef covering a large area. Drilling and blasting of the 
reef advances the face with the hanging wall being supported. Modern trackless 
mining methods enable stapes (step-like areas from where ore is extracted) of 
around 1 m high to be successfully worked. 
Once extracted, the platinum and PG E recovery process takes place in four 
stages: concentration, smelting, base-metal removal and precious-metal refining 
[Chamber of Mines of South Africa, 1997]. 
Concentration 
By grinding the ore, mineral particles are liberated before being recovered 
by froth flotation in the form of a concentrate. Ideal flotation conditions are 
determined by the mineralogy of the ore and it is sometimes necessary to repeat 
the milling and flotation processes in order to reduce losses from over-grinding. 
Smelting 
An electric furnace is used to melt the concentrate. This typically consists of 
a large unit containing six electrodes. Upon melting, the concentrate separates 
out into two layers, the top being a silicate oxide slag which is then tapped off 
and discarded, and the bottom being a sulphide matte which is then sent for 
converting. If the smelting composition is not one that will produce a liquid slag, 
a number of fluxes can be added such as burnt lime, sulphides or silicates. 
The sulphide matte produced is converted by oxidising the excess sulphur and 
iron in a refractory lined vessel. An iron-rich slag is formed by addition of fluxes 
which is skimmed off and sent back to the furnace. The converter matte is then 
ready for base-metal removal. 
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Base-metal Removal 
Base-metals are removed either by leaching or by a leaching/magnetic separa-
tion process. This also removes elements such as arsenic, selenium and tellurium. 
It is these base-metals that form a valuable by-product of PGE extraction. 
Precious-metal Refining 
The 'classical' method of refining involved roasting the concentrate in order 
to make rhodium, iridium and ruthenium insoluble in aqua regia. Platinum, pal-
ladium and gold could then be dissolved and separated by a series of sequential 
precipitations. The insoluble portion was then treated by pyro-metallurgical and 
leaching procedures before separation into individual metals. Final purification 
was achieved by repeated dissolution and precipitation. 
In recent years, improved separation and refining procedures have been devel-
oped for all of the PGEs and typically include solvent extraction or ion exchange 
methods. Advantages of these new methods include better recovery, lower refining 
costs and shorter processing times. 
1.4 The Chemistry of Platinum 
Platinum can be found in the Group 10 of the periodic table where it is closely 
associated with the other PGEs, namely, ruthenium, rhodium, palladium, osmium 
and iridium, as shown in Figure 1.1. The gas phase electronic configuration in the 
ground state is [Xe)4f145s25p65d96s1 . 
Some of the physical properties of platinum are given in Table 1.2. 
Platinum metal is usually obtained in the form of a powder or sponge upon 
ignition of the ammonium salt of its hexachloro anion, [NH4]2[PtC16], or by heating 
virtually any binary or complex compound above 200oC in an atmosphere of air 
1.4. THE CHEMISTRY OF PLATINUM 
Group 8 Group 9 Group 10 
Period 5 101.01Ru 44 102.91Rh 45 106.42pd 46 
Period 6 190.2Qs 76 192.22Jr 77 195.08pt 78 
Figure 1.1: Platinum in the Periodic Table 
. [Emsley, 1991] 
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or oxygen. Reduction of the acidic platinum salt solution with a reagent such as 
magnesium, zinc, hydrogen or oxalic acid, yields the metaJ. 
In common with other elements in the second and third periods of the periodic 
table, platinum exists as a number of different oxidation states as seen in Table 1.3. 
1.4.1 Reactions of platinum 
The principal oxidation states of platinum are +II and +IV, although +II is 
more common. There also exist many complexes in the +III state where metal-
metal bonds are formed. In the 0 oxidation state, co-ordination with 1f-acid ligands 
such as PR3 and CO can occur giving rise to a vast and important organo-metallic 
chemistry. By reaction with the halogens, particularly fluorine, oxidation states 
of + V and +VI can be formed. 
.6. Pt(wire) + 3F2 ---+ PtF6 pressure (1.1) 
Platinum hexafluoride, PtF6, is extremely reactive, corrosive and one of the 
most powerful oxidising agents known. At room temperature, PtF 6 will react 
with glass which is an example of its reactive nature. It is also formed from the 
- - ' - · Ｍ Ｍ ｾＡＱＭ • - • ｾ＠ -
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Table 1.2: Physical properties of platinum 
[Emsley, 1991] 
Property Value 
Atomic number 78 
Atomic weight (12 C=12.0000) 195.08 
Density (g cm-3 ) 21.45 
Thermal conductivity (W m-1 K-1) 71.6 (300 K] 
Electrical resistivity (n m) 10.6x1o-8 [293 K] 
Crystal lattice face-centered cubic 
First ionisation energy (kJ mol-1) 870 
Melting point (K) 2045 
Boiling point (K) 4100 ± 100 
disproportionation reaction of platinum (V) fluoride given in Equation 1.2. 
2PtF s ---+ PtF 6 + PtF 4 (1.2) 
The tendency for platinum to form hydroxy species is so strong that it will 
form them in preference to aquo ions, although, if other ligands such as Cl- are 
present, it will complex to them. 
In the +II state, platinum forms anionic nitrato complexes by treatment of 
[Pt(H20)4]2+ with KN03 and K2C03 to give [Pt(N03 ) 4]2-. The cyano anion of 
platinum, [Pt(CN)4] 2-, is an extremely stable anion. Neutral complexes of plat-
inuxn (II) normally assume a planar configuration, although there is a possibility 
of some distortion if the complex contains bulky ligands. 
The tetrachloroplatinate (II) anion may be substituted by a number of different 
ligands to give a variety of species. The substitution occurs in accordance with 
the trans effect [Cotton & Wilkinson, 1988]. Here, a ligand attached to the 
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Table 1.3: Compounds of the varying platinum 
oxidation states 
Oxidation State Example Compounds 
0 Pt(CO)(PPh3)3, Pt[Sn(NR2)2]a, [Pt(PPh3)3], [Pt(PF3)4] 
I [Pt2 (CO )2 Cl4] 
II PtO, PtCb, PtBr2, Pti2 , ｐｴｃｬｾＭＬ＠ [Pt(CN)4]2-
III [Pt( C6Cls)4]-
IV Pt02 , [Pt(OH)6 ]2-, PtF 4, PtC14, ｐｴｃｬｾＭ
V (PtF5)4, PtF6 
VI Pt03, PtF 6 
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complex will direct an incoming ligand to a trans position if it is high in the trans 
effect series. The strength of the trans effect for platinum (II) depends on the O" 
donor and 1r acceptor effects of the ligands. The order of ligands in trans-directing 
power is seen in Figure 1.2. This is roughly in order with the degree of overlap of 
the ligand orbitals with the O" or 1r 6p orbitals on platinum. 
Figure 1.2: The trans effect series [Cotton & 
Wilkinson, 1988] 
Platinum (II) is normally considered to have a low affinity for oxygen donors, 
although there are a number of hydroxide dimers and trimers with very high 
stability. Also, various sulphoxide complexes exist that bond through both the 
sulphur and oxygen atoms. 
Platinum (IV) compounds are typically thermally stable and kinetically in-
----------'------------- - ------- -
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ert. Octahedral complexes are usually prepared by the oxidation of square planar 
platinum (II) complexes which retain configuration of the platinum (II) starting 
material (Equation 1.3). 
[ cis-[PtCb (PPr3)2] Ch> cis-[PtC14 (PPr3 )2] (1.3) 
Platinum (IV) also has the ability to easily form bonds with carbon as illus-
trated by the tetrameric structure of PtMe3 Cl. 
The hexachloroplatinate IV anion is perhaps the most important platinum (IV) 
coin pound. Decomposition of its associated acid yields the metal itself. 
The first carbonyl halides to be synthesised were those of platinum. Upon 
treatment of Pt2(C0)2Cl2(p-Cl)2 with CO(g), both cis-PtCb(C0)2 and trans-
PtCl2(C0)2 are formed [Cotton & Hart, 1975; Cotton & Wilkinson, 1988]. 
1.5 Platinum in Catalytic Converters 
As motor vehicle use has increased, so too has the amount of gaseous pollutants 
being released into the atmosphere. These gases, namely hydrocarbons (HC), 
carbon monoxide (CO) and oxides of nitrogen (NOx) can all have detrimental 
effects on the environment. In an attempt to curb the emission of these gases, 
motor vehicle exhaust systems have been fitted with catalytic converters in order 
to reduce the pollutants from the combustion of fuels. 
1.5.1 Structure and chemistry of catalytic converters 
Early forms of catalytic converter were produced in a pelleted form by dis-
persing platinum and palladium on the surface of 1-alumina spheres. The spheres 
were then packed into tubular steel containers and attached to vehicle exhaust 
systems. This type of catalyst was used for a number of years from 1974 in the 
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USA but never found its way into the European Union. It was then replaced with 
the modern monolith system which first appeared in Germany in 1985 and became 
mandatory in Britain on 1st January 1993* under the European Union directive 
91/441/EEG [Verstraete et al., 1998]. The most widespread structure of this 
catalyst is a honeycomb cordierite skeleton with approximately 64 cells em - 2 and 
walls of 150 11m ｴｨｩ｣ｬ ｾＮ･Ｎ＠ To the cordietite is applied a washcoat consisting of 90% 
Jr 
'"}'-Al20 3 and a mixture of base-metal additives. These additives contain oxides 
of Ce, Zr, La, Ni, Fe and alkaline-earth metals and offer promotion of catalytic 
reactions and stability against deterioration. Platinum, palladium and rhodium 
are then fixed to the washcoat by impregnation or coating from a solution of 
hexachloroplatinic (IV) acid (PtC16H2 • 6H20), palladium chloride (PdCh), or 
rhodium chloride salt (RhC13) [Moldovan et al., 1999]. The metals are then re-
duced to their metalic form. The concentrations of these elements varies between 
manufacturers but typically range from 300 to 1000 p.g g-1Pt, 200 to 800 p.g g-1Pd 
and 50 to 100 p.g g-1Rh. In an average family car, up to 1.75 g of precious metal 
can be found in the converter [Barefoot, 1997]. 
Two-way catalytic converters were first introduced to promote the oxidation 
of smog-forming hydrocarbons and toxic CO to the less harmful C02 . This is 
accomplished by the use of a platinum catalyst as follows: 
Pt Hydrocarbons+ 0 2 ---t C02 + H20 3oo·c (1.4) 
(1.5) 
The internal combustion engine also produces oxides of nitrogen (NOx) which 
need to be reduced to nitrogen and oxygen. A rhodium catalyst is used for this 
task: 
(1.6) 
*introduced in 1989 
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭＭＭＧＭＧＭＭＧ ＭＭＭＭＭＭ -------- -- ·-- -- -
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0 Rh 1 N 2 ------+ 2N2 + 02 
300"C 
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(1.7) 
Combination of these two systems gives the three-way catalyst (TWC) com-
monly used today. Exhaust gases exiting the engine first meet the rhodium catalyst 
where the 0 2 produced can then pass to the platinum catalyst to aid oxidation. 
Figure 1.3 shows a three-way dual-bed catalytic converter which accomplishes 
these two stages in sequence with additional air being supplied to promote the 
oxidation stage. Modern catalysts however use only a single bed system as both 
reactions can occur simultaneously provided that the air/fuel ratio is kept close 
to the stoichiometric requirement. By placing an oxygen sensor in the exhaust 
system, the air/fuel ratio can be controlled remotely by computer [Baird, 1999]. 
CO, Hydrocarbons 
/ NOX,N2,02 
Active 
Catalyst 
Figure 1.3: Three-way dual-bed catalytic converter-
modified from Read [1999] 
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1.5.2 Limitations 
Whilst modern TWCs can reduce more than 95% of CO, HC and NOx from 
the engine, there are a number of problems associated with their use. 
Accurate control of the air-fuel mix is required as the conversion efficiency 
of the converter is only high when the engine operates within a narrow band of 
air/fuel ratios close to the stoichiometric value. Unfortunately, this value gives 
higher fuel consumption than in lean-burn engines and consequently engines in 
lean operation with TWCs are not effective in reducing oxides of nitrogen. 
Acceptable conversion efficiency can only be achieved once the catalyst has 
reached a certain temperature (known as the light-off temperature). Hence, fol-
lowing a cold-start of the engine, there is no significant reduction of pollutant 
emissions. For city vehicles, up to 80% of HC emissions can occur during the 
warm-up period. Attempts have been made to reduce the time taken to reach 
light-off temperature by introducing heated catalytic converters. The durability 
of these systems is still under investigation and the use of electrical heating power 
involves an additional fuel economy penalty [Bhattacharyya & Das, 1999]. 
1.5.3 The future 
More than 40% of the total demand for platinum is for the autocatalyst indus-
try; a number which is set to continue to increase in the future as more vehicles are 
equipped with the devices. World reserves are dwindling though and the future 
of the PGEs is uncertain. Proposals to boost stocks have included the mining of 
meteors which often contain high levels of the metals. Chemists today are investi-
gating molybdenum and tungsten carbides for their catalytic properties mirroring 
those of the PGEs [York, 1999]. Whether they will find their way into automobile 
catalytic converters is yet to be seen. 
---- ---------------------------------
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1.6 Other Uses of Platinum 
Since it was first mined, platinum has found a place in science and engineering, 
medicine and jewellery production. 
Perhaps one of the earliest uses of platinum was found in the mints of Bogota 
and Popayan in 1763 where dishonest workers were found to be forging gold coins 
by using platinum instead and then gilding the pieces. This could be considered 
as somewhat ironic when one considers the relative values of the two metals today. 
1.6.1 Industry 
Historically, platinum was the material of choice to catalyse the manufacture 
of sulphuric acid and the hydrogenation of oils and fats for magarines. However, 
process development has now led to its substitution with vanadium and nickel 
respectively. As an example, in the Contact Process, impurities in sulphur dioxide 
are readily absorbed by platinum which results in 'poisoning' and subsequent loss 
of activity. Platinum is essential to the petro-chemical industry where it is used 
as a reforming catalyst in the production of higher-octane fuels. It finds use in 
corrosion resistant apparatus, in dentistry and as jet engine fuel nozzles. High 
temperature electric furnaces have their resistance wires fashioned from platinum 
due to its physical properties. When placed in methanol vapour, fine platinum wire 
glows red hot by acting as a catalyst in the conversion of methanol to formalde-
hyde. It is this phenomenon that has found its way into commercial production 
as cigarette lighters and hand warmers. 
1.6.2 Cathodic protection systems 
Corrosion of ships' hulls in sea water has been a matter of concern for many 
decades. In 1924 the British Admiralty contacted Sir Humphry Davy about "the 
.·. 
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rapid decay of the copper sheeting of His Majesty's ships of war and the uncer-
tainty of the time of its duration." In 1956, the US Navy began experiments with 
cathodic protection systems consisting of a platinum clad anode connected to the 
steel of a marine vessel to which a small direct current was applied thus preventing 
attack of the hull. 
1.6.3 Medicine 
Despite the fact that both cis- and trans- [PtC12 (NH3)2] platinum (II) com-
plexes have been known for many years, the element and its complexes were 
thought to have been of no biological interest, other than the discovery that some 
people had sensitivities to them. In 1968, B. Rosenberg found that the cis- isomer 
had properties as an anti-cancer drug for the treatment of testicular and ovar-
ian cancers. The compound was known as Cisplatin t (or cis-diamminedichloride 
platinum (II)) and is shown in Figure 1.5(a). 
The following properties make platinum-based drugs suitable for use in medicine: 
• wide spectrum or antitumour activity against drug-resistant and drug-sensitive 
tumours, 
• activity against slow and fast growing tumours, 
• activity against viral and chemically induced and transplantable tumours, 
and 
• affect both solid and disseminate tumours. 
Cisplatin however, has been found to be toxic to normal healthy cells since it is 
easily aquated in a solution such as the cell fluid where the two Cl- ligands replaced 
t marketed as PLATOSJNTM 
_________ ___, __________________ __,__ _ _ _ _ ---=.... •• ....:.'.. __ __ _ 
-- ----·- -- -I 
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two H2 0 ligands. The resultant aqua complex is more reactive than Cisplatin and 
is thought to be the complex that forms inside cancer cells [Sadler, 1992]: 
cis-[PtCh(NH3 )2) H20> cis-[Pt(H20)Cl(NH3)2J+ H20> cis-[Pt(H2 0)2(NH3)2) 2+ 
(1.8) 
The aqua species, ｣ｩｳＭｐｴＨｎｈ Ｓ ＩｾＫＬ＠ can then crosslink two guanine bases in de-
oxyribonucleic acid (DNA) due to donation from the nitrogen known as N(7) on 
guanine. Two possible modes of linking are shown in Figure 1.4 and on a molecu-
lar level in Figure 1.5(b). This causes the rings to tilt and hence DNA replication 
is hindered. This effect can lead to severe side-effects when being used as a treat-
ment, including progressive kidney impairment. 
G NH3 
I "p/ B t 
I/ "NH G a 
ｾ＠
Figure 1.4: Modes of DNA binding- after Frausto 
da Silva & Williams [1991] 
A second platinum based drug was then placed under trial, this being Carbo-
platint (cis-(1,1-cyclobutanedicarboxylate)platinum(II)), as shown in Figure 1.5(c) 
tmarketed as PARAPLATINTN 
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in which the cl- ligands are replaced by a chelated biscarboxylate ligand which is 
not susceptible to aquation [Sadler, 1992]. Further research is now underway in-
vestigating the role of iodo ligands in platinum therapy [Patriarca et al., 1999]. 
Dosing of these platinum-based drugs has to be strictly controlled, but research 
has shown them to have remarkable properties [Frausto da Silva & Williams, 
1991]. 
Cl,,,,,,, ···'''' NH3 
Pt 
Cl .,- ' NH3 
(a) Cisplatin (b) Platinum-guanine complex 
(c) Car boplatin 
Figure 1.5: Structures of Cisplatin, the 
platinum-guanine Complex and Carboplatin - after 
Sadler [1992] 
______ ____::__...:....__ _ ---'--------------'--------------- - - . 
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1.6.4 Jewellery 
More than 30% of the world's platinum is used in the manufacture of jewellery 
with Japan being the largest consumer who, traditionally, have favoured platinum 
over gold and silver. The physical properties of platinum make it an ideal metal 
for use by goldsmiths and jewellers. It can be easily manipulated and hammered 
as well as being spun or stamped into any shape desired. 
1.7 Aims of the Study 
As platinum production has increased over recent years, concerns have been 
raised about the possible health effects for humans and animals. In order to es-
tablish if there is a threat from this element, accurate methods of analysis are 
required to determine both baseline and elevated levels. Traditionally, measure-
ments of platinum have been performed only on geological samples for the purpose 
of establishing whether mineral deposits exist. The methods adopted for sample 
dissolution (fire assay) and analysis were developed with this type of sample in 
mind and usually performed on large samples Ｈｾ＠ 50 g). Now that interest has 
spread to a whole host of other sample matrices, new methods are needed as 
sample sizes are invariably of sub-g and sub-ml sizes. 
The aims of this thesis are therefore as follows: 
(1) the development of quadrupole inductively coupled plasma quadrupole mass 
spectrometry procedures for the measurement of platinum in ideal solutions, 
digested certified reference materials and digested study materials (catalytic 
converter, grass, dust, soil and water). 
(2) system optimisation of ICP-MS and an evaluation of potential spectroscopic 
and non-spectroscopic (matrix-related) interferences for the 195Pt isotope. 
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(3) analytical quality control evaluation using certified reference materials and 
inter-laboratory I inter-method comparisons. 
( 4) development of digestion methods, namely microwave, sodium peroxide fu-
sion and open wet (using aqua regia I hydrofluoric acid, nitric acid I hy-
drofluoric acid and hydrochloric acid I hydrofluoric acid) for the pre-analysis 
and preparation of geological and environmental samples. 
(5) applied studies on the analysis of platinum in the motorway environment, 
through an evaluation of in-house plant uptake studies, motorway dust and 
drainage sediments I soils. 
Although not the only source of the metal, the use of platinum in catalytic 
converters is still on the increase with legislation for mandatory use to be enforced 
by the end of 1999 in the East (Hong Kong, Malaysia, Singapore, Taiwan, Thai-
land). The nature of its dispersal by road systems throughout the world highlights 
the importance of the need for its accurate determination. 
1.8 Thesis Structure 
The layout of this thesis is as follows: 
Chapter 1 is an introduction to the history of platinum, its extraction, uses and 
chemistry. This chapter highlights the significance of the metal, both eco-
nomically and industrially. 
Chapter 2 provides a review of the current literature dealing with the analysis of 
platinum in environmental matrices at background and artificially elevated 
levels. A summary of the methods employed in its analysis is given. 
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Chapter 3 contains a description of ICP-MS and optimisation of a quadrupole 
ICP-MS for the determination of platinum with special consideration given 
to system optimisation and potential spectroscopic interferences. Initial ex-
perimentation investigating sample preparation procedures is discussed. 
Chapter 4 describes digestion procedures for a range of sample types, considers 
correction of polyatomic interferences and applies the knowledge found to 
the development and characterisation of an 'in-house' reference material. 
Chapter 5 provides an account of an experimnet to determine if platinum can 
be uptaken by common ryegrass. Samples of roadside dust from the Lon-
don Orbital M25 motorway are studied to establish the elevated levels of 
platinum in the motorway environment. A run-off treatment ·facility is also 
investigated to determine platinum transport into a natural watercourse. 
Chapter 6 gives a discussion and conclusion of the results obtained from this 
work including recommendations for further research. 
Chapter 2 
Analysis of Platinum in the 
Environment 
((The difficulties in obtaining accurate results in analyses even for total 
platinum concentrations are formidable. " 
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24 ANALYSIS OF PLATINUM IN THE ENVIRONMENT 
2.1 Introduction 
The uses for platinum mentioned in Sections 1.5 and 1.6 are also the main 
causes of its pollution within the environment. These can be summarised as ef-
fluent from hospitals giving platinum-based drug therapy, waste from industries 
using platinum as a catalyst, waste from industries either refining precious metals 
or recycling them, and dust deposited from catalytic converters onto road surfaces. 
The ultimate concern is the effect that this pollution can have upon humans and 
animals. Although this subject has seen the publishing of more scientific publica-
tions, there is definite need to evaluate the methods of analysis. In particular, the 
few publications that have reported natural and/or contaminated platinum levels 
in various biological and environmental media confirm that this element is very 
difficult to measure with accepted levels of accuracy and precision. 
2.2 Platinum in Environmental Samples 
In recent years, measurements of platinum in environmental matrices have 
increased significantly. Those groups studied can be categorised as human, animal, 
water, plant, dust, soil, exhaust fume and geological. 
Table 2.1 gives an overview of the determination of platinum in a wide range 
of matrices and the 1nethods employed to perform the analysis. 
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2.2.1 Geological 
Lake sediments from a mineralised area of Ontario analysed by FA-ICP-MS 
show values of up to 3.4 ng g-1 [Hall & Pelchat, 1994]. The nickel sulphide 
fire assay, coupled with a tellurium co-precipitation and analysis by ICP-MS was 
used to determine the PG Es and gold in a number of certified reference materials. 
The tellurium co-precipitation stage is used for improved recovery of the pre-
cious metals, particularly gold [Fryer & Kerrich, 1978] but can cause problems 
with polyatomic interferences for rhodium and palladium in copper-rich samples 
[Jackson et al., 1990]. Copper-nickel ores from Russia show 1.1611g g-1 [Torgov 
et al., 1996), nickel concentrate from Australia contains between 0.57 and 1.315 
11g g-1 [Bowditch, 1973] and mafic-ultramafic rock from Zimbabwe shows up to 
4.8 pg g-1 [Evans & Buchanan, 1991]. 
2.2.2 Soil 
A number of soils taken from the side of road systems have been studied for 
their platinum content. The majority have come from motorways in Germany. 
For soils taken from depths ranging between 0 and 10 em, values range between 
9 and 200 ng g-1 [Schafer & Puchelt, 1998]. Motorway soils near Dortmund, 
have shown mean values of 20.9 ng g-1 [Alt et al., 1997]. In soil from Austria, 
79.4 ng g-1 platinum was observed. Soil samples taken from the A3 highway near 
Frankfurt, displayed values of up to 330 ng g-I, but the high standard deviation 
of 223 ng g-1 suggests that distribution of platinum is quite variable [Heinrich 
et al., 1996]. 
2.2.3 Dust 
Dust from road environments essentially falls into two categories, these being 
roadside dusts and tunnel dusts. For tunnel dusts, concentrations of platinum can 
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be expected to be higher than those for roadside dusts, as particulate matter and 
fumes from vehicle exhausts can be easily trapped and thereby concentrated in 
situ. 
Schafer & Puchelt [1998] have shown urban roadside dusts in Germany to 
contain up to 111g g-1 platinum. Dusts in San Diego contain 0.68 11g g-1 [Hodge 
& Stallard, 1986]. Results for studies in Austria, Sweden and UK have shown 
more modest platinum levels of up to 29.8 ng g-1 [Wei & Morrison, 1994; 
Farago et al., 1996; Parent et al., 1996]. Airborne dust in Dortmund can 
contain as much as 130 ng g-1 [Alt et al., 1993]. 
Dust taken from the inside of road tunnels showed in levels of 170 ng g-1 and 
62.8 11g g-1 platinum [Schramel et al., 1995; Helmers & Merge!, 1998a]. 
2.2.4 Plant 
Hallet al. [1990] compared fire assay (FA) ICP-MS and ICP-MS for platinum 
determination in a number of different samples taken from the Rottenstone de-
posit of northeren Saskatchewan, Canada. Comparable results were seen between 
the two methods with values of up to 1150 ng g-1 ashed weight for the outer 
bark of the black spruce. Rencz & Hall [1992] found ｾ＠ 275 ng g-1 platinum 
in birch trees from a mineralised area of Canada. For vegetables+ grown under 
natural conditions, up to 1.27 ng g-1 Pt was seen ｛ｌｵｳｴｾｧ＠ et al., 1997]. Ballach 
& Wittig [1996] found poplar roots to contain significantly higher amounts of 
platinum than shoots and leaves taken from the same plant (0.24 to 167 ng g- 1) 
and cucumber plants showed up to 1 ng g-1 [Verstraete et al., 1998]. The stalk 
of beans contained approximately 3 times the platinum concentration found in the 
leaves [Parent et al., 1996]. 
*onion, raddish and potato 
---------------------------- -- -- -
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2.2.5 Water 
Platinum from industrial, medical or motor vehicle sources can find its way 
into the water systems either directly from discharge into rivers and the sea or 
indirectly from the treatment of liquid waste. 
Lake water samples from around the platinum mineralisation areas of Canada 
have shown values of up to 25 pg ml-1 in water filtered at 0.45 pm. For samples 
filtered at 1.2 pm, a level of 340 pg ml-1 was seen, indicating that platinum is 
carried by water in a particulate form [Hall & Pelchat, 1993]. 
Sea water from different locations around the world has been analysed by 
Adeloju et al. [1990]. Levels of <0.1 pg mi-1 were found in Corio Bay, Victoria, 
0.04 to 0.16 pg ml-1 in the Indian Ocean, 0.34 pg ml-1 in the Menai Straits and 
0.09 to 0.23 pg mi-1 in the Pacific Ocean. 
A number of hospitals in Europe were studied by Kiimmerer et al. [1999]. 
Those hospitals which did not take part in platinum therapy had values of less than 
10 pg ml-1 (detection limit). This compares with values of up to approximately 
3500 pg ml-1 for those participating in platinum therapy. 
2.2.6 Exhaust fumes 
Values for platinum emissions are occasionally given as concentration per dis-
tance where they can range from 36.6 to 313 ng km-1 [Moldovan et al., 1999; 
Konig et al., 1992]. Both results were obtained by direct sampling of exhaust 
systems. 
2.2.7 Animal 
A limited number of studies have been performed to date concerning platinum 
levels in animals. Dogs injected with Cisplatin ™ displayed values of up to 0.5 pg 
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ml-1 in serum and .as much as 52.2 pg ml-1 in urine [Kucera & Drobnik, 1982]. 
Rats exposed to platinum-coated alumina particles excreted up to 944 pg day-1 
in faeces and 0.85 }lg day-1 in urine. The lungs showed levels of 347 pg g-1 from 
dust inhalation [Artelt et al., 1998]. 
2.2.8 Biological 
Soluble compounds of platinum are toxic, but are successfully used to treat 
ovarian and testicular cancers (see Section 1.6.3). Chronic exposure can result in 
a condition known as platinosis. Nursing staff involved in the administration of 
these drugs are understandably concerned about the risks of exposure [Nygren 
& Lundgren, 1997]. Elevated levels of platinum found in human body fluids 
can also be attributed to industrial exposure. 
Background urine values have been reported to be between 1.2 and 35 pg ml- 1 
with a median of 5.4 pg ml- 1 in 24 hour urine samples [Schramel et al., 1995], 
0.5 to 14.3 pg ml-1 [Messerschmidt et al., 1992], 1.02 pg ml-1 for Italian 
school children aged between 6-10 years [Krachler et al., 1998] and 7.7 pg ml-1 
[Parent et al., 1996]. 
Elevated levels of platinum in urine from occupational exposure have been 
shown to range from 21 to 2900 pg ml-1 [Messerschmidt et al., 1992] and a 
mean of 126 ± 92 pg ml-1 for nursing staff attending patients receiving Cisplatin ™ 
chemotherapy [Nygren & Lundgren, 1997]. 
Work by Nygren et al. [1990] has demonstrated values of 0. 73 ng ml-1 plat-
inum in blood taken from non-occupationally exposed volunteers using adsorptive 
voltammetry. This compares with a mean value of 3.8 ng ml-1 (standard devia-
tion- 4.0 ng ml-1) seen in staff nurses involved in the administration of platinum 
drugs [Nygren & Lundgren, 1997]. 
------- ---------------'----- ---·-· ··-- ... 
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2.3 Methods for Platinum Analysis 
Several methods (in addition to inductively coupled plasma mass spectrometry) 
have been employed for the analysis of platinum in a wide range of environmental 
samples. An overview to a number of these methods follows. 
2.3.1 Atomic absorption spectrometry- AAS 
Free elements in their ground states will absorb electromagnetic raditation of a 
characteristic wavelength. Within a particular concentration range, there exists a 
linear relationship between the degree of absorption and the concentration of the 
element present. This is described by the Beer-Lambert Law given in Equation 2.1. 
A= £.c.l 
where A= absorbance,£= molar absorbtivity of the sample, 
c = concentration of the analyte, and l = the path length. 
(2.1) 
The layout of a typical atomic absorption spectrometry (AAS) system is given in 
Figure 2.1. 
I Source I-t I Sample I-t I Monochromator I-t I Detector I-t I Computer I 
Figure 2.1: Components in an atomic absorption 
spectrometry system - after 
[Vandecasteele & Block, 1993] 
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Flame AAS 
The most common system used in AAS is flame AAS (FAAS). Here, the sample 
is fntroduced into a high temperature flame, typically an air-acetylene§ mix, where 
it is desolvated, atomised and excited. In the case of platinum, the wavelength 
(known as Ｎ＾ＮＩ ｟ ［｡ｬＯｳ［､ｩｾｊｩＮ･＠ 265.945 nm line [Emsley, 1991]. This technique has Ｍ ｾ＠
been used for platinum determination by Bowditch (1973] in metal concentrates. 
Electrothermal atomisation AAS - ETAAS 
Electrothermal atomisation AAS (ETA-AAS) or graphite furnace AAS (GF-
AAS) has been developed as an alternative or accompaniment to FAAS and offers 
several improvements over the flame system. A lower sample volume is required; 
typically 5-50 pl. In general, there is little need for a digestion step and the 
technique has detection limits some 2-3 orders of magnitude better than FAAS. 
The basic principles of ETA-AAS are as follows. The sample is injected into a 
hollow graphite tube or placed on a platform. The tube or platform is then heated 
electrothermally in three stages: 
(1) drying to remove the liquid matrix (rv110oC), 
(2) asking to remove volatile compounds and organic matter ( rv350-1200oC) and 
(3) atomisation to vapourise and atomise the analyte ( rv2000-3000oC). 
The technique does have a number of drawbacks. These include; (1) the need 
for chemical modification depending on the nature of the sample matrix, (2) as 
a mono-element technique it makes the procedure labour intensive for analysis 
of more than one element, (3) a poor linear dynamic range (around 2 orders of 
magnitude), and (4) loss of the analyte during the drying and ashing stages. 
§acetylene-nitrous oxide flame also used 
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The technique has been used successfully for the determination of platinum 
emissions [Konig et al., 1992], roadside soil [Zereini & Urban, 1993] and 
copper-nickel ores [Torgov et al., 1996]. 
2.3.2 Inductively coupled plasma atomic emission spectro-
metry - ICP-AES 
Atomic emission spectrometry was historically achieved using flame, electric 
arc, and electric spark atomisation and excitation. Although these sources are 
all still used, the most widely used excitation source today is the plasma. The 
inductively coupled plasma is described in detail in Section 3.2.2, but two other 
types are also employed; the direct coupled plasma {DCP) and the microwave 
induced plasma (MIP). Both of these are described in Section 3.2.3. Commercial 
instrumentation will normally encompass the entire UV /visible spectrum from 170 
to 800 nm. This range can also be extended to 150 nm under vacuum operation. 
Spectrometers can be of three types, sequential, simultaneous multielement and 
Fourier transform. The later is not yet widely used. In sequential instrumentation, 
wavelengths are selected in series so that only one line can be measured at any one 
thne. Modern instrumentation uses a two speed motor to enable the dwell time 
over wavelengths not of interest to be minimised. Multichannel spectrometers 
may employ polychromators consisting of up to 60 photomultipliers in order to 
simultaneously measure multiple lines [Skoog et al., 1998]. 
ICP-AES with ultrasonic nebulisation has been used to study platinum in 
human blood by Di Noto et al. [1995] with reliable detection limits of 20 ng 
ml- 1 being obtained. 
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2.3.3 Neutron activation analysis- NAA 
Activation methods are based upon the measurement of radioactivity that has 
been induced in samples by irradiation with neutrons or charged particles, such 
as hydrogen, deuterium, or helium ions [Skoog -et al., 1998]. Nuclear reactors 
are a typical source of neutrons and are widely used. A research grade machine 
may have a neutron flux of 1011 to 1014 n cm-2 s-1 . Such a high neutron density 
can give detection limits that range from 10-3 to 10 pg. 
The rate of formation of radioactive nuclei from a single isotope is given as: 
dN* = NcjJCJ 
dt 
(2.2) 
where dN* / dt is the formation rate of active particles in neutrons per second, N 
is the number of stable target atoms, ¢; is the average flux in em - 2 s-1 and CJ is the 
capture cross section in cm2 target atom-1• The rate of decay for a radioactive 
nuclei is given as: 
-dN* ="AN* 
dt 
where A is the characteristic decay constant for the radioisotope. 
(2.3) 
A sample to be analysed by activation methods is subject to one of two pro-
cedures, these being destructive and nondestructive. The route followed is shown 
in Figure 2.2. 
Irrespective of the procedure followed, a sample, typically solid or liquid but 
sometimes gaseous, is irradiated in a polyethylene vial alongside a number of stan-
dards. Care is taken to ensure that each vessel is exposed to the same neutron flux. 
An irradiation period of a few minutes to several hours is calculated and applied 
then the sample is allowed to cool or decay to remove short-lived interferences. 
The sample then follows either the nondestructive or destructive route. 
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Simultaneous 
irradiation of 
samples and 
standards 
r--. Cooling period 
Nondestructive ｾ＠ ... 
route 
Separation of 
analyte 
Destructive 
route 
... Counting ｾ＠
ｾ＠ .. 
Figure 2.2: Procedure for neutron activation 
analysis - after Skoog et al. [1998] 
Nondestructive methods 
Data processing 
and readout 
If a spectrometer can isolate the analyte's ')'-rays from those of other compo-
nents, the sample can be counted directly after cooling. This allows for faster 
sample throughput and minimal operator intervention as the whole cycle can be 
automated. 
Destructive methods 
If the matrix of the analyte causes interference from 1-rays of similar energy 
to that of the analyte, some form of separation is needed prior to counting. Such 
methods include chromatographic, ion exchange, extraction and precipitation and 
are carried out after dissolution of a portion of the analyte. 
Heinrich et al. (1996] measured platinum in roadside soil via the isotope 
199 Au (t1 =3.14 d) from the reaction 198Pt(n,')') 199PtCB-) 199 Au. A long irradiation 
2 
of 6-12 hours was followed by a delay time of 16 hours. All1-measurements were 
perfomed with a 22% efficiency, high-resolution intrinsic germanium detector. 
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Investigations into the platinum content of serum and urine from dogs treated 
with Cisplatin™ were conducted using a radiochemical separation procedure in-
volving the use of gold. Correction was therefore needed as the 199 Au isotope 
used for platinum (as given above) also originates from the reaction 197 Au(n,/) 
198 Au(n,/) 199 Au. Monitoring of both 198 Au and 199 Au permits determination of 
the amount of 199 Au from stable gold [Kucera & Drobnik, 1982]. 
Studies of iron meteorites using NAA have yielded platinum values of up to 
29 11g g-1 [Crocket, 1972]. Alder twigs and leaves from Northern Saskatchewan 
were found to contain between 100 and 420 ng g-1 platinum [Dunn et al., 1989]. 
2.3.4 Voltammetry 
In voltammetry, information about the analyte of interest comes from the 
measurement of current as a function of applied potential under conditions that 
encourage polarisation of an indicator, or working electrode. Typical apparatus 
for a system carrying out linear-scan voltammetric measurements consists of a cell 
with three electrodes in a solution of the analyte and an excess of non-reactive 
electrolyte. The working electrode has its potential linearly varied with time, the 
potential of the reference electrode remains constant with time and the counter 
electrode conducts electricity through the solution to the working electr<?de [Skoog 
et al., 1998]. The system has been successfully used by for the analysis of water 
[Adeloju et al., 1990; Kiimmerer et al., 1999], blood, urine and serum 
[Nygren et al., 1990; Messerschmidt et al., 1992; Alt et al., 1997; Nygren 
& Lundgren, 1997], grass and tunnel dust [Helmers et al., 1998b], poplars 
[Ballach & Wittig, 1996], roadside dust [Alt et al., 1993; Wei & Morrison, 
1994] and soil [Alt et al., 1997]. 
Stripping voltammetry can have a limit of determination of approximately 0.1 
pg ml-1 for platinum under ideal conditions. The theory behind the technique 
demonstrates its high sensitivity [Metrohm, 1989]. Formaldehyde condenses 
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with hydrazine to form hydrazone (Equation 2.4) which in turn complexes with 
platinum (II) (Equation 2.5). The complexes are electroactive and can be enriched 
on the surface of a hanging mercury drop electrode. Here, they lower the hydrogen 
overvoltage of the mercury electrode. 
HCHO + NH2- NH2-+ (CH2 = N- NH2) + H20 (2.4) 
2(CH2 = N- NH2) + Pt(II) -+ [Pt(CH2 = N- NH2hV+ (2.5) 
Although being a very sensitive technique and relatively inexpensive (when 
compared with ICP-MS), the sample throughput is low and requires long prepa-
ration stages. 
2.3.5 Ion chromatography 
Preliminary work has been done by Nachtigall et al. [1997] concerning the 
use of ion (-exchange) chromatography (IC) for environmental applications. This 
technique allows individual platinum species to be determined as opposed to total 
platinum and hence permits the possibility of bioavailability studies. Platinum 
applications are, however, still in their infancy. IC was first developed in the mid-
1970s when it was shown that mixtures of anions and cations could be resolved 
on an HPLC column packed with ion-exchange resins [Skoog et al., 1998]. 
2.3.6 Inductively coupled plasma mass spectrometry 
A number of workers have used ICP-MS in its various forms for platinum 
analysis as can be seen in Table 2.1. The technique is described in far more detail 
in the next chapter, however, a very brief description is as follows. A sample is 
introduced into a plasma where it is ionised. Extraction into a high vacuum system 
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accelerates the ions and separation according to their mass-to-charge (m/ z) ratio 
occurs. The ion signal is then analysed and processed. 
Conventional methods of sample pre-treatment, i.e. acid digestion, alkali fu-
sion, are described in Chapter 3. Other techniques have successfully been used for 
preparation of geological samples. These include dry chlorination and fire assay. 
An excellent review of the analytical techniques used for platinum analysis has 
been published by Reddi & Rao [1999]. 
Dry chlorination 
This technique was developed for the analysis of platinum in geological samples. 
Since the PGEs are distributed in an inhomogeneous manner, a method of sample 
preparation to cater for large sample sizes (up to 250 g) was required. Essentially, 
a pulped rock sample is heated in a glass tube with a small amount of sodium 
chloride under a stream of chlorine. PGEs and gold present as native metals, 
alloys or in sulphide group minerals are converted to salts that are soluble in the 
weak hydrochloric acid solution which is used to wash the chlorinated sample and 
tube [Perry et al., 1993; Perry et al., 1995]. 
Fire assay 
Perhaps the most important method to be developed over the years for geo-
logical sample dissolution is the fire assay. The composition of materials used in 
the procedure varies according to the elements to be analysed but usually consists 
of those components listed in Table 2.2. 
Detection limits of 0.1 ng g-1 can be obtained for platinum using lead fire assay 
[Hall & Pelchat, 1994], but the large sample required (10 g) is unrealistic for 
environmental samples. 
-----------------------'------- - --- - - --
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Table 2.2: Flux components for fire assay 
[Haffty et al., 1977] 
Component 
Sodium carbonate 
Lead (II) oxide 
Silica 
Borax 
Calcium fluoride 
Flour 
Potassium nitrate 
Use 
formation of alkali sulphides 
oxidising and desulphurising agent, 
provides lead for PGE collection 
forms silicates from metal oxides, 
protects crucible from PbO attack 
dissolves acidic and basic metal oxides 
increases fluidity of the charge 
reducing agent due to high carbon content 
oxidise sulphur-bearing ores 
2.3.7 Sample introduction in ICP-MS 
The following sections discuss alternative methods of sample introduction that 
have been used in platinum determination. 
In a conventional ICP-MS system, the usual method of sample introduction 
is that of pneumatic nebulisation. The efficiency of this method can be very 
low however; in the order of 2%, and a number of other methods have been 
developed to enhance the transport of the sample solution into the plasma. So-
lution nebulisation has been used ｦｾｲ＠ numerous platinum determinations such as, 
rat lung [Artelt et al., 1998], water [Hall & Pelchat, 1993], plant [Hall 
et al., 1990; Rencz & Hall, 1992; Verstraete et al., 1998], roadside dust 
and soil [Farago et al., 1996], catalytic converters [Moldovan et al., 1999] 
and lake sediments [Hall & Pelchat, 1994]. 
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Thermospray nebulisation - TN 
Thermospray nebulisation was originally used as an interface between liquid 
chromatography and mass spectrometry before being used for ICP-AES. It has 
since been introduced in ICP-MS [Vanhoe et al., 1994]. Matrices including soil, 
dust, beans and urine [Parent et al., 1996] and cordierite [Parent et al., 1997] 
have been analysed using this method of sample introduction. 
A liquid sample is forced through an electrothermally heated capillary giving 
a fine spray through partial vapourisation of the sample. The high temperature of 
the aerosol further reduces the droplet size through a process of self-desolvation. 
As a result, there is a greater transport of sample to the plasma through a reduction 
in loss processes [Montaser et al., 1991]. Under optimum conditions, sensitivity 
can be up to a factor of 10 higher than that for pneumatic nebulisation. 
Flow injection - FI 
Flow injection is considered to be a superior system over conventional nebuli-
sation for samples of low volume or high dissolved solid content, where standard 
additions are needed, or for samples of varying viscosity that could affect contin-
uous nebulisation. 
A discreet sample volume is injected directly into a continuous flowing carrier 
stream where it disperses and is subsequently measured by means of monitoring 
the transient signal produced. 
This technique has been employed, coupled with isotope dilution by Parent 
et al. [1996] in the analysis of platinum in soil, dust, beans, urine and cordierite 
[Parent et al., 1997]. 
..\. ....... 
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Isotope dilution- ID 
Although not an actual alternative method of sample introduction, accuracy 
of results from immunity to chemical and physical interferences can be greatly 
improved. The main drawback to the technique is the sample preparation time 
required. 
A spike solution containing the element of interest with one of its isotopes ar-
tificially enriched is added to the sample solution. Through measuring the change 
in ratio of the enriched isotope with the natural isotope, the sample concentration 
can be determined. 
Parent et al. (1996] have used this technique whilst using thermospray neb-
ulisation as the method of sample introduction. Geological samples have also been 
studied [Yi & Masuda, 1996]. 
Ultrasonic nebulisation - USN 
In this technique, the sample solution is fed onto a piezoelectric transducer 
which is operated at a frequency of between 0.2 and 10 MHz. The longitudinal 
wave, which is propagated at right angles to the surface of the transducer, breaks 
the surface or the liquid-air interface into an aerosol. This in turn gives a higher 
percentage of sample transport to the plasma as a more homogenous and dense 
aerosol is formed. This can be a disadvantage as it has a cooling effect on the 
plasma, so a desolvating unit is employed prior to introduction. Krachler et al. 
[1998] have used this technique for the analysis of urine. Regrettably, there is 
the suggestion that the 10 fold improvement of detection limit seen for aqueous 
samples is counteracted by the 10 fold dilution needed to prevent blockage from 
the high salt content of urine [Krachler et al., 1998]. 
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Electrothermal vapourisation - ETV 
Electrothermal vaporisation (ETV) was first used as a method of sample in-
troduction for spectrometric analysis by L'vov in 1959 when it was applied to 
atomic absorption spectrometry. With the arrival of inductively coupled plasma 
atomic emission spectrometry and latterly ICP-MS, the interfacing of an ETV unit 
was soon established. ETV has a number of advantages over commercial solution 
nebulisation as the sample introduction method for subsequent ICP-MS analysis. 
These include; (1) higher sensitivity due to higher analyte transport efficiency, (2) 
small sample volume requirement (1 to 100 111) and (3) selective volatilistaion (to 
reduce non-spectroscopic interferences). However, the use of a graphite furnace 
can volatilise carbon which will scavenge oxygen from the atmosphere surrounding 
the plasma whereby it can interfere with ionisation of the analyte. In addition, 
the need for chemical modification can introduce contaminants into the sample 
matrix. ETV has been used in the analysis of platinum in tunnel dust and urine 
[Schramel et al., 1995]. The Finnigan MAT SOLA offers ETV as an optional 
sample introduction system, however, software constraints make its use very diffi-
cult [Dudding, 1995]. 
2.4 Analytical Figures of Merit 
Before any technique can be used for analysis of samples, its suitability must 
first be assessed. Certain parameters, known as the analytical figures of merit-
AFM, are measured and evaluated. These include; accuracy, precision, detection 
limit, linear dynamic range, selectivity and sensitivity. There are a number of 
other factors to consider as well as the AFMs. Cost effectiveness, ease of operation, 
speed of analysis, multi-element capabilities and safety all play an important part. 
Analytical figures of merit for ICP-MS were determined using the Finnigan 
MAT SOLA instrument (see Section 3.7). 
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2.4.1 Accuracy and precision 
Accuracy is defined as proximity to the true value [Miller & Miller, 1988]. 
Precision is a measure of the degree of mutual agreement of independent mea-
surements. Both can be influenced by error. Random errors cause the individual 
results to fall on both sides of the average value and therefore affect the precision. 
Systematic errors cause all results to be erroneous in the same sense and therefore 
affect accuracy. For a particular analysis, results can therefore fall into one of 
four categories; inaccurate and imprecise, accurate and imprecise, inaccurate and 
precise, accurate and precise. 
There are two descriptions that apply to precision; reproducibility and repeata-
bility. The former describes the agreement between individual results obtained us-
ing the same method and conditions, the latter describes the agreement between 
successive results obtained using the same method and conditions. Precision is 
usually given as relative standard deviation (RSD), defined as: 
lOOx/sd 
where xis the arithmetic mean and 
sd is the standard deviation. 
2.4.2 Detection limits 
(2.6) 
The tenn 'detection limit' is an important concept in trace analysis yet there 
are a variety of usages in the literature and the term is open to abuse [Analytical 
Methods Committee, 1987; Potts, 1987]. The International Union of Pure 
and Applied Chemistry (IUPAC) have recommended that the limit of detection, 
defined in terms of either concentration or amount, be related to the smallest 
1neasure of response, XL, that can be detected with reasonable certainty in a given 
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analytical procedure: 
(2.7) 
where XB is the mean of the blank measurements (typically 10 readings), BB is 
the standard deviation of the blank measurements and k is a numerical constant. 
IUPAC 'strongly recommend' that k takes a value of 3. With this value, 99.87% of 
measurements will fall within this range if the distribution is normal (Gaussian). 
Should a value of k = 2 be used, this figure falls to 97.72%. It is unrealistic to 
assume that such measurements would indeed be normally distributed. If this 
is the case, confidence limits of XB ± 3sB can fall from 99.74% to 89% and for 
XB ± 2sB, from 95.44% to 75%. From this, detection limits based on 2sB are not 
considered to give sufficient confidence for analytical measurements. 
Three methods exist for calculating detection limits: the lower limit of detec-
tion, the limit of determination and the limit of quantitation. It is the limit of 
determination that has been used in this work 
Lower limit of detection ( XLLD) 
A value of XB + 3sB is known as the lower limit of detection or XLLD· The prob-
ability that a measurement belonging to the background population will exceed 
this level is 0.13% as shown in Figure 2.3 [Potts, 1987]. 
Limit of determination ( XLOD) 
The limit of determination or XLOD is the smallest signal that can be quanti-
tatively measured and equates to XB + 6sB [Potts, 1987]. Figure 2.4 shows the 
relationship that exists between XB, XLLD and XLoD. 
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Figure 2.3: Normal distribution with xa ± 3sa 
[Potts, 1987] 
Limit of quantitation (xLoQ) 
When legal, commercial or statutory analyses are to be carried out, it is rec-
ommended that the limit of quantitation or XLOQ be used. This gives additional 
confidence in the measured signal and is set at a value of XB + lOsB [Potts, 1987]. 
2.4.3 Linear dynamic range 
For a quantitative analytical technique, the signal response will increase lin-
early with addition of further analyte over a certain concentration range. The up-
per and lower limits of this concentration range are known as the linear dynamic 
range and it is usually expressed in orders of magnitude. Early commercial ICP-
MS instrumentation had a linear dyn3:mic range of 6 orders of magnitude. With 
a dual-detector setup, it is possible to increase this to around 8 orders of magni-
tude. A broad linear dynamic range will facilitate the analysis of a wide elemental 
concentration range without the need for either dilution or pre-concentration. 
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Figure 2.4: Relationship between XB, XLLD and XLon 
[Potts, 1987] 
2.4.4 Selectivity 
53 
This is the ability of a technique to distinguish betwe_en the element of interest 
and say, an interfering element. It is usual to quantify this term as a ratio of 
response between the desired and interfering elements. 
2.4.5 Sensitivity 
The ability of a technique to differentiate between two samples of different 
concentration is known as its sensitivity. It is defined as the ratio of change in in-
strument response to a change in analyte concentration [Miller & Miller, 1988]. 
In order to quantify this parameter, the concentration of analyte required to give 
a certain instrument response is measured. As an example, the concentration of 
analyte required to give a 1% absorption is used in AAS. For ICP-MS, the signal 
count for a particular isotope at a certain concentration is used. 
--------------------------- -- -·· 
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2.5 Calibration and Validation 
Before any analytical results can be obtained, some form of external calibration 
must be made. The results must then be validated by one process or another. 
2.5.1 Calibration 
All analytical methods employ a series of standards; samples with a known 
analyte concentration, in order to obtain an accurate determination from a sample 
of unknown concentration. After measuring the signal response for each of the 
standards, a calibration curve is produced from which the concentration of the 
unknown can be deduced. 
2.5.2 Validation 
Validity of analytical results is of utmost importance. It is not sufficient to 
merely perform quantitative analysis. Validation can be achieved through the 
use of certified reference materials (CRMs). It is important here to note the 
difference between reference materials (RM) and CRMs. They are as follows 
[Mesley et al., 1991]: 
"reference material, a material or substance, one or more properties 
of which are sufficiently well established to be used for the calibra-
tion of an apparatus, the assessment of a measurement method, or for 
assigning values to materials. 
certified reference material, a reference material, one or more of whose 
property values are certified by a technically valid procedure, accom-
panied by, or traceable to a certificate or other documentation which 
is issued by a certifying body." 
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Despite the vast number of CRMs available, those certified for platinum are 
uncommon and of the six materials used in this work, only two are ideally suited for 
the purpose, these being NIST 2556 Used Auto Catalyst (Pellets) and NIST 2557 
Used Auto Catalyst (Monolith). Details of these materials are given in Table 3.3. 
Other methods of validation include inter-laboratory and inter-method vali-
dation. In the first, samples are analysed by a number of different laboratories 
using the same technique. In the second, samples are measured at the originating 
laboratory using two or more analytical methods. 
2.6 Summary 
This chapter discusses the work already done in the area of environmental 
platinum determination. It discusses the range of samples in which platinum can 
be found and details some of the obstructions that are to be found in analytical 
measurements. The main techniques used are flame and electrothermal AAS, 
adsorptive voltammetry, neutron activation analysis, inductively coupled plasma 
atomic emission spectrometry and inductively coupled plasma mass spectrometry. 
The concept of analytical figures of merit is introduced and discussed as is the 
importance of calibration and validation. These factors are investigated in detail 
in Chapters 3 and 4. 

Chapter 3 
Analysis of Platinum by 
Quadrupole Inductively Coupled 
Plasma Mass Spectrometry 
uThe alliance of the ICP with MS shows promise of extending the sen-
sitivity and selectivity of MS to elemental analysis of solutions." 
R. S. Houk- 1986 
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3.1 Introduction 
It has now been more than fifteen years since inductively coupled plasma mass 
spectron1etry (ICP-MS) was introduced with SCIEX Inc. producing the first com-
mercial instrument, demonstrated at the 1983 Pittsburgh Conference. The ma-
chine was named the Elan (since used by Perkin Elmer SCIEX). This was some 
five years after R. S. Houk had obtained the first mass spectra from an ICP source 
[Houk, 1986]. 1984 saw VG Elemental (Winsford, Cheshire) introduce the VG 
PlasmaQuad 1, followed by the VG PQII in 1988. Today there are several other 
players in the ICP-iviS instrumentation market including Finnigan MAT, Hewlett 
Packard, Varian, Spectra and Micromass. 
ICP-MS has become associated with high sensitivity, multi-element and iso-
topic capabilities, large linear dynamic range and high sample throughput. It is no 
surprise that the technique has become very important in the analysis of geolog-
ical, food and environmental materials. As such, it has been the main analytical 
instrument used in this research. 
Ideally, a sample to be analysed by ICP-MS would present itself in liquid form 
and free from matrix constituents that could cause problems with the analysis. 
In reality, there are a number of factors that must be considered when perform-
ing such measurements. There is inevitably the need for sample pretreatment, 
matrix-matching of reagent blanks and standards, internal standardisation and 
interference correction. Prior to evaluation of these parameters, a thorough work-
ing knowledge of the instrumentation, both operation and optimisation, must be 
developed. 
3.2 Instrumentation 
As a general overview, a quadrupole ICP-MS (Q-ICP-MS) can be divided into 
three basic components; the inductively coupled plasma, the mass spectrometer 
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and the interface between the two. A schematic of the spectrometer used in this 
work is given in Figure 3.1. A sample is introduced, invariably as an aerosol, in a 
stream of argon gas, right into the middle of the plasma. Here, it is desolvated, 
vapourised and ionised prior to a small portion being extracted through differen-
tially pressurised stages into the vacuum system. Positively charged elemental ions 
are then separated according to their mass-to-charge ratio (m/ z) by a quadrupole 
mass analyser. 
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An argon plasma is a very powerful ionisation source, due to its high ionisation 
energy of 15.75 e V. The only elements not normally detected using an argon plasma 
are helium, fluorine and neon. The degree of ionisation for platinum in an argon 
plasma has been calculated to be 63% [Houk, 1986]. Whilst not as high as 
one would like, this figure does compare favourably with many of the non-metals. 
Appendix A.1 gives the degrees of ionisation for the whole periodic table. 
By using a quadrupole mass analyser, it is possible to scan the full range of 
elemental masses in a brief time period. The presence of a Faraday cup detector on 
the Finnigan MAT SOLA instrument has the advantage of giving a linear dynamic 
range over 10 orders of magnitude [Finnigan MAT Ltd., 1993a]. 
Entering into more detail, it is possible to divide the ICP-MS into six main 
components, these being; (1) the sample introduc-tion system, (2) the inductively 
coupled plasma, (3) the sampling interface, ( 4) the ion beam focusing unit, (5) 
the quadrupole mass spectrometer and (6) the data acquisition system. These are 
explained in detail in the following sections. 
3.2.1 Sample introduction 
Samples need to be introduced into the ICP as a gas, vapour, or aerosol of fine 
droplets or as solid particles. This has allowed the development of a number of 
sample introduction techniques including pneumatic and ultrasonic nebulisation 
of solutions, electrothermal vapoJrisation of small solution volumes, laser ablation /\ j 
from a solid and hydride generation for generation of volatile hydrides. Several 
of these systems have already been described in Section 2.3.7, others are outlined 
below. The most common of these and typically included with all new systems is 
pneumatic nebulisation (PN). 
This method of sample introduction involves the formation of fine droplets from 
a combination of the sample solution, introduced at a constant rate by means of a 
peristaltic pump, with a high velocity gas stream. The resultant aerosol contains 
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droplets of up to 100 pm in size although for efficient transport to the plasma, 
droplets need to be in the order of 10 11m. The transport efficiency is defined 
as the percentage of nebulised solution that actually reaches the plasma. With 
this type of nebuliser, this figure is in the order of 1%, but its convenience and 
reasonable stability ensure that it is still widely used. Larger droplets (those over 
10 11m in size) are removed from the aerosol by the spray chamber which allows an 
even loading of sample into the ICP. The spray chamber also reduces the solvent 
loading of the plasma and reduces condensed-phase interferences. 
The V -groove nebuliser 
This nebuliser is suitable for samples with a high salt content which makes it a 
popular choice for samples like slurries and ｳｵｳｰｾｮｳｩｯｮｳ＠ as described by Totland 
et al. [1993). The sample solution enters the nebuliser at one end and emerges 
from the other at the top of a V-shaped groove in the body. As the solution runs 
down the groove, it is converted into an aerosol at the point where the nebuliser 
gas exits the body. This is shown in Figure 3.2. 
Other types of nebuliser 
There are another two main types of nebuliser, these being the concentric and 
cross-flow types. Both of these nebulisers give a better aerosol formation than 
the V -groove, although they are more prone to blocking, depending on the sample 
matrix. It is the V-groove nebuliser that has been used throughout this study due 
to its superior handling of environmental matrices. 
The spray chamber 
The spray chamber is located between the nebuliser and the torch of the ICP. 
It is usually made from quartz with a jacket around the outside containing a 
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Figure 3.2: V -groove nebuliser [Finnigan MAT 
Ltd., 1993b] 
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coolant. This setup is known as a double pass chamber. The coolant used is 
invariably water, although if organic-based solutions are being analysed, it may 
be necessary to cool the chamber down to and below 0°C. In this case, a mixture 
of water and ethylene glycol can be used. As the gas flow carrying the aerosol 
enters the spray chamber, it undergoes a sharp change in direction which only the 
smaller droplets can follow. The larger ones fall out from the flow, strike the walls 
of the chamber and run to waste allowing the smaller droplets to continue through 
to the plasma. 
A large percentage of the average sample solution is water. This can be a 
significant cause of polyatomic interferences, such as 40 Ar160+ on 56 Fe+ (see Sec-
tion 3.4.1), but can normally be reduced to a minimum with cooling to l0°C. As 
mentioned earlier, a solution of organic-based solvents requires further cooling of 
the spray chamber. This is due to the higher vapour pressures, when compared 
to water, which can induce instabilities in the plasma. 
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Hydride generation 
Elements such as arsenic, bismuth, germanium, lead, antimony, selenium, tin 
and tellurium all form hydrides with ease which are gaseous at ambient tempera-
tures. It is this chemical property that has been employed as a method of sample 
introduction for these elements. The hydrides are typically formed according to 
the following equation: 
where E is the hydride forming element, n is its oxidation state and x is equal 
to !(8-n). There are now a number of commercially available systems for this type 
of sample introduction based on the acid-borohydride reaction. 
3.2.2 The inductively coupled plasma- ICP 
The inductively coupled plasma (ICP) is the ionisation source used in ICP-MS 
and consists of an argon plasma; an electrodeless discharge of gas, maintained at 
8000K by a radio frequency field which is, via the load coil, inductively coupled 
to the plasma. It is the load coil which forms the primary of the radio frequency 
transfonner, the discharge itself forming the secondary. The load coil, or coupling, 
typically has 2-4 turns of fine copper tubing, cooled by water or gas flow and is 
located with its first turn a few millimetres away from the tip of the torch. The 
RF current supplied from the generator produces a magnetic field which varies in 
time at the generator frequency. This is normally 27-40 MHz in ICP-MS systems 
and results in the magnetic field lying along the axis of the torch. A spark from a 
Tesla coil is employed to initiate the discharge by providing free electrons to couple 
with the magnetic field . The electrons in the plasma precess around the magnetic 
field lines in circular orbitals and thus the electrical energy supplied to the coil 
is converted into kinetic energy of electrons. When the system is at atmospheric 
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pressure, the free electron path before collision with an argon atom to which the 
energy is transferred, is in the order of only 10-3 mm. This results in a heating 
of the plasma and the formation of its characteristic bright discharge. The 'skin 
effect', occurring in the RF induction heating, ensures that most of the energy 
is coupled into the outer (induction) region of the plasma. As the injector gas 
punches through the centre of the plasma, it carries most of the sample aerosol. 
Therefore, little of the aerosol appears in the annular part of the plasma. It is 
through radiation and conduction that the central area of th_e plasma is heated 
to between 5000 and 7000 K whilst the induction region maintains a temperature 
as high as 10 000 K. As these two areas are quite distinct from each other, the 
chemical composition of the aerosol can vary considerably whilst having little effect 
on the electrical processes that sustain the plasma. 
ｲｾｾｾｾｾｾ［［［ＺＺＺ［ＮＮＮ｟｟＠ Tangential Argon 
Sample Aerosol 
in Argon 
Plasma Support 
Gas Flow 
Figure 3.3: The inductively coupled plasma -
modified from [Jarvis et al., 1992] 
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3.2.3 Other types of plasma 
There are two other types of plasma that can be coupled to a mass spectrome-
ter. These are used to a much lesser extent than the ICP. Both were mentioned in 
Section 2.3.2, the direct coupled plasma {DCP) and the microwave induced plasma 
(MIP}. 
Direct current plasma - D CP 
Direct current plasmas (DCPs) are more popular with ICP-AES than with 
ICP-MS, the main reason being that spectra produced with a DCP have fewer 
spectral lines than that produced by an ICP. Sensitivites are around an order 
of magnitude lower than for ICP and significantly less argon is required. On the 
other hand though, the graphite electrodes found in the system need to be replaced 
every few hours; a significant problem not encountered with an ICP. 
A DCP jet usually consists of 3 electrodes arranged with inverted Y geometry. 
Each end of the Y contains a graphite anode with a tungsten cathode at the base 
of the Y. From each of the anode blocks, argon flows towards the cathode. By 
momentarily bringing the cathode into contact with the anode, the plasma jet is 
fonned. Between the two arms of the Y, the sample is aspirated, atomised and 
excited (Skoog et al., 1998]. 
Microwave induced plasma - MIP 
The microwave induced plasma (MIP) differs from the ICP in terms of plasma 
fonnation and in the sample introduction method employed. They can be formed 
relatively easily from a number of different gases, an advantage over ICP. However, 
the main drawback in their use is that they are not well suited to liquid aerosol 
samples, thereby drastically limiting their use to samples of a gaseous nature 
[Evans et al., 1995]. 
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3.2.4 Plasma gases 
The vast majority of ICP-MS instruments use argon as the plasma gas. Other 
gases have been utilised, particularly for the analysis of elements such as selenium, 
arsenic and bromine; all of which are hampered by argon-based polyatomic inter-
ferences. Helium plasmas have been studied but their relatively low temperatures 
(rv 2500 K) can cause dissociation problems [Wellington et al., 1983]. The cost 
of the gas is another prohibiting factor. 
3.2.5 The torch 
The most common type of torch is that based on the Scott-Fassel design as 
seen in Figure 3.4. The outer tube is typically 100 mm long with an internal 
diameter of 18 mm and inside of this, two concentric tubes of 13 and 1.5 mm 
internal diameter, each stopping short of the torch mouth. The annular regions 
formed by each of these tubes comes from a tangenital gas supply which results in 
a vorticular flow. The central tube, or injector, introduces the sample aerosol into 
the centre of the plasma. The outer gas flow, or coolant, serves as a support for 
the plasma by enabling it to maintain its shape and also to cool the tube walls. 
The other gas flow, or intermediate, keeps the tip of the injector cool and prevents 
melting. The flow through the injector carrying the sample aerosol, known as the 
nebuliser gas, is of sufficient velocity to punch a hole right through the centre of 
the plasma. 
3.2.6 RF coupling 
Both the load coil and the plasma present a low electrical impedance to the RF 
generator which feeds them energy. To avoid mis-matches which have the ability 
to produce high potentials from the reflected power and to provide efficient energy 
transfer, it is imperative that the generator sees a matched load at the end of the 
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Figure 3.4: Scott-Fassel torch [Finnigan MAT 
Ltd., 1993b] 
coupling line to the load coil. This is in essence, resistive and absorbs the power 
delivered. In order to maintain a plasma power of 0.75 to 2.0 kW, the reflected 
power should be kept to a few watts. 
3.2.7 The sampling interface 
When it was first decided to couple an ICP to a mass spectrometer, the most 
obvious problem was that of how to facilitate the transport of ions from the plasma, 
(operating at 1 atm, 7000 K), to the quadrupole mass analyser, (operating at 
10-5 mbar, room temperature) [Gray & Date, 1989]. An interface comprising of 
a system of cones was devised to extract the ion beam through to the quadrupole. 
After formation of the plasma, a portion of the ion beam is transported to the 
mass spectrometer through the interface as shown in Figure 3.5. The Finnigan 
system uses a three-cone setup; a deviation from the typical two-cone systems 
previously employed by PE-Sciex and VG Isotopes. It is through this interface 
that the pressure gradient is dropped from ambient to around 2 x 10-5 mbar. The 
sampling cone is the first to be encountered by the ion beam as it leaves the plasma. 
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It is found approximately 14 mm from the end of the torch (this distance is known 
as the sampling depth) and has an aperture of 1.1 mm at its tip. The second 
cone is the skimmer, located 8 mm behind the sampler cone with an aperture of 
0.8 mm. An 18 m3 h- 1 rotary pump evacuates the interspace between these cones 
to approximately 2-3 mbar. 
The third cone, unique to the Finnigan SOLA machine is found a further 
8 mm behind the skimmer cone with a 1 mm apeture. By applying a negat ive 
charge to it , the ions passing through the skimmer can be focussed. A 330 l sec- 1 
turbomolecular pump maintains a vacuum of around 1 x 10- 3 mbar. 
The sampler and skimmer cones are typically machined from nickel, or occa-
sionally platinum for analysis in the 58-60 amu range. For this work, the former 
have been used. 
Y Steer Focus 
Analyser ｔｵｲ｢ ｾ＠
Accelerator 
Cone 
Intermediate I I Rotary 
Turbo •• Pump 
Figure 3.5: The interface [Finnigan MAT 
Ltd., 1993b] 
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3.2.8 The vacuum system 
It has already been mentioned that the ICP is kept at 1 atm whilst the 
quadrupole is held under vacuum. For the quadrupole to operate efficiently, it 
needs to be held at a pressure of approximately 4 x 10-4 mbar. If the quadrupole 
was not under vacuum, the ion beam would collide with residual gas molecules 
and be deflected from the intended pathway. 
The space behind the sampling cone is evacuated by a rotary pump to enable 
the supersonic expansion of the sampled ion beam. Passing into the intermediate 
housing, a much more powerful turbomolecular pump evacuates the space prior 
to the ion lenses and analyser housing. A further turbomolecular pump maintains 
the high vacuum in the analyser housing with a smaller turbomolecular pump 
holding a higher vacuum in the collector housing where the electron multiplier is 
located. All three of these pumps are backed up by a second rotary pump. The 
relatively small orifices in each of the cones act as differential pumping apertures. 
Figure 3.6 is a diagrammatic representation of how each of the sections of the 
Finnigan MAT SOLA instrument are evacuated. 
3.2.9 Ion beam focusing 
The ions that leave the interface system are conveyed into the mass analyser. 
To increase sensitivity, the number of ions carried through to the mass spectrome-
ter must be maxhnised. This is achieved through the use of electrostatic ion lenses, 
each of which consists of a number of electrodes with controllable potentials ap-
plied. These lenses are positioned in such a way that by varying the potentials on 
each of them, it is possible to steer the ion beam from the interface to the mass 
spectrometer. 
Since the sampler, skimmer and accelerator cones are in line with the centre of 
the plasma, which is a source of vacuum ultraviolet radiation, it is possible that 
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the detector can become activated and thereby register an erroneous signal. To 
overcome this problem, modern instruments are fitted with a 'photon stop' or disc 
to stop photons from reaching the detector. Sometimes a potential is applied to 
this stop in order to deflect photons around it. 
In the Finnigan MAT SOLA, the ion focusf ng system is not one based on .X 
the Bessel Box optics but rather Thrner optics which achieves a greatly improved 
transmission profile over other systems. The ion beam exiting the accelerator cone 
is deflected off-axis and re-aligned to exit the optics parallel to the entry beam 
before entering the quadrupole mass analyser. The set-up minimises background 
signal from spurious photonic discharge. This configuration also highlights the 
effectiveness of the ion lenses in their ability to deflect an ion beam from its original 
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path to the axis of the mass spectrometer. Jarvis et al. [1992] suggest that this 
offset method of background minimisation may in fact prove to be superior to 
those systems using a photon stop. 
It should be remembered that to obtain maximum ion transmission through 
the unit, it must have the ability to transmit ions of differing mass with the same 
efficiency. Ions of different mass will however, have different kinetic energies and 
therefore will not have the same path through the system. This will be observed 
in the variation of sensitivities throughout the mass range when only one set of ion 
lens conditions are used, although multi-elemental analysis is still possible without 
a significant loss in sensitivity. 
3.2.10 The quadrupole mass analyser 
There is little or no m/ z separation of the ion beam by the ion lenses. In 
conventional Q-ICP-MS systems a quadrupole mass analyser is used to perform 
this task. 
The quadrupole consists of four straight metal rods suspended parallel to and 
equidistant from the ion beam axis. Ideally, these rods should be of a hyper-
bolic nature, but in practice they invariably have a circular cross section (which 
approxilnates to a hyperbola). Opposite pairs are connected together as seen in 
Figure 3.7 in which a positive direct current (d.c.) potential is applied to one pair 
and a negative potential to the other. To each pair, an RF potential is applied of 
the same amplitude but opposite sign (that is 180° out of phase). This has the 
effect of reducing the fringing fields at the entrance to the main rods and there-
fore allowing the entrance of low energy ions. It is this and the d.c. pole bias on 
the quadrupole that permit the transmission of much higher masses than would 
otherwise be possible. 
The ions to be separated are introduced into the quadrupole mass analyser at 
velocities which are determined by their mass and energy and are deflected into 
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Figure 3.7: The quadrupole [Finnigan MAT 
Ltd., 1993b] 
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oscillatory paths through the rods by the RF voltages supplied. Proper selection 
of the RF and d.c. voltages will enable ions of the desired m/ z ratio to assume a 
stable path through the rods whilst those outside of this range will be deflected 
towards the rods where they will be neutralised and lost. It can therefore be seen 
that the dimensions of the ion trajectories relative to the boundaries of the rods 
are critical. 
3.2.11 Data acquisition 
Ions emerging from the quadrupole are detected by one of two systems; the 
Channeltron™ electron multiplier or a Faraday cup depending on the intensity of 
the emerging ion beam. Figure 3.8 shows these two systems and their relative 
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position at the exit from the quadrupole mass analyser. 
Faraday Collector 
and Amplifier 
Channeltron 
Electron Multiplier 
Beam Deflectors 
Amplifier and Discriminator 
for lon Counting 
Quadrupole 
Mass Filter 
Figure 3.8: The collector system 
(Finnigan MAT Ltd., 1993b] 
Channeltron electron multiplier - CEM 
This consists of an open glass tube with a cone at one end which is off-axis 
to th mass spectrometer for maximum sensitivity. The interior surface is coated 
with 1 ad oxide which has semi-conducting properties. This coating has a high 
negative potential applied to one end ( approx. -3 k V), whilst the other end is 
onne ted to earth. Throughout the tube, the resistance varies and therefore, 
when a potential is applied across the tube, there is a continuous gradient of 
pot ntial within th t ube. When a positive ion leaves the mass analyser, it is 
attract d to the high negative potential at the entrance of the cone. It then hits 
the int rior surface of the cone and a secondary electron is emitted. Since there is 
a varying potential inside the tube, the secondary electrons move further into the 
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tube closer to ground. Each time they hit the surface, further secondary electrons 
are emitted. This is shown in Figure 3.9. There can be a discrete pulse of up to 
108 electrons at the collector as a direct result of one ion entering the cone. The 
CEM must be kept under vacuum, typically 5 x 10-5 torr, otherwise spurious 
discharge can occur within the detector chamber. Advantages of this detector 
include robustness, long life, high electrical gain and fast response, low background 
count rates and tolerance to gas pressures up to 10-5 mbar. Unfortunately, the 
CEM has a low tolerance to the high currents that can be generated by strong ion 
beams. For this reason, ion beams of >106 ions s-1 should not be measured. A 
Faraday cup detector is employed for measuring high ion counts. 
Faraday cup 
To Pre-amplifier 
Figure 3.9: Channeltron electron multiplier 
[Jarvis et al., 1992] 
This is essentially a metallic plate which is maintained at a high potential 
relative to the remainder of the instrument which allows ions to be captured. 
As ions exit the mass analyser, they pass through a collimator slit and, in some 
instruments, through one or more suppresser grids or electrodes prior to striking 
the cup. The potential of the suppresser electrode ensures that any secondary 
ions that are emitted during bombardment of the cup by sample ions are returned 
_____________________________ ____,_,_ _ _:___ __________ ... - .. . 
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to the cup. The current produced from these bombardments is converted to a 
potential which is subsequently amplified and transmitted to the read-out device. 
3.3 Calibration 
For a sample to be measured quantitatively, some form of external calibra-
tion must first be made. In ICP-MS it is usual to analyse a number of standard 
solutions prior to introduction of the sample solution. In order to avoid differ-
ences between standard and sample matrix, which could introduce error into the 
measurements, a method of matrix-matching is used. The concept of a standard 
containing the exact same concentrations of constituent elements as the sample 
is realistically impossible and it is usual practice to match the acid concentration 
used in the post-digestion dilution. 
3.4 Interferences 
It is not necessarily the case that the magnitude of the analyte signal can be 
attributed solely to the element in question. In ICP-MS, there are two types of 
interference that can cause enhancement or suppression of the signal, these being 
spectroscopic and non-spectroscopic. 
Isobaric and polyatomic ions are prevelant in any ICP-MS measurement. Even 
a simple solution containing only 1% HN03 will yield the following ions in an ar-
gon plasma: 4oArlH+, 4oAr+, 1H31ao+, 1H216Q+, 14Nlao+, laot, 1Hl6Q+, 4oArt, 
40Ar21H+, 40Ar2+ [Honk et al., 1980]. It can be clearly seen that an increase 
in the number of constituent matrix elements will give rise to a large number of 
spectroscopic interferences. 
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3.4.1 Spectroscopic interferences 
Atomic or molecular ions with the same mass as the analyte of interest can 
cause spectroscopic interference in ICP-MS analysis. The result is an enhancement 
of the signal which may lead to an incorrect quantitative interpretation. This 
problem has major significance for conventional quadrupolar instrumentation as 
the resolution is limited to one atomic mass unit (amu) and therefore cannot 
distinguish between ions with a mass difference of less than this value. In recent 
years, high resolution instrumentation has been developed to address this problem. 
Another recent advance has been the introduction of collision traps. 
Those elements that traditionally suffer from argon-based interferences, includ-
ing 4°Ca+ 52Cr+ 54 Fe+ 56 Fe+ 75 As+ and 80Se+ have backgrounds elevated to 
' ' ' ' ' 
such an extent that detection limits are significantly raised or cause the isotope 
of interest to be unusable. Attempts to reduce this problem through the use of 
helium or 'cool' plasmas have made little improvement. The source of the problem 
can be eliminated by the use of a hexapole ion bridge located behind the skim-
mer. The hexapole is pressurised with helium to restrict the mean free path of 
ions passing through it. The spread of energy resulting from the collisions, breaks 
up molecular species before they can enter the mass analyser. The result is a 
mass spectrum free from argon-based interferences and a significant lowering of 
detection limits for these troublesome elements [Micromass UK Ltd, 1998]. 
I so baric ions 
An isobaric ion is one belonging to another element but having the same mass 
as the ion of interest. An example would be 1900s+ and 190Pt+. Table 3.1 shows 
the isobaric interferences for all of the platinum isotopes. This phenomenon has 
the potential to cause analytical difficulties if say, for instance, the sample matrix 
were to contain osmium. It is possible to overcome this problem though, the 
usual way being to select an isotope that is not subject to interference. In this 
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case, (when 1neasuring osmium) one could select either 194Pt+, 195Pt+, 196Pt+ or 
198Pt+; the former two being preferred over the latter two as having higher natural 
abundances. 
Table 3.1: Isobaric interferences on platinum 
[Vandecasteele & Block, 1993] 
Mass of Isotope Isobaric Interference Isobaric Abundance % 
190 190Qs+ 26.4 
192 192os+ 41.0 
194 
195 
196 196Hg+ 0.14 
198 19BHg+ 10.0 
Doubly charged ions, oxides and hydroxides 
Elements that have a low second ionisation potential have the ability to form 
M2+ species. Since a quadrupole separates ions according to their m/z ratio, a 
IVI2+ ion will be detected at half its mass. For platinum work this is not an area 
of concern as the highest m/z ratio for a M2+ species is 119 amu for the 238U2+ 
isotope. This corresponds to 71 atomic mass units below the lightest platinum 
isotope. 
Polyatomic ions 
These are formed from precursors in the plasma (argon) gas, entrained atmo-
spheric gases, diluted acids and the sample matrix. In the analysis of elements 
such as chromium, iron, arsenic and selenium, polyatomic ions abound and forbid 
the use of isotopes of high natural abundance. Examples include 40 Ar12C+ on 
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52Cr+, 40 Ar1?Q+ on 56 Fe+, 40 Ar35Cl+ on 75 As+ and 40 Ar40 Ar+ on 80Se+. Those 
polyatomics of concern in this work are shown in Table 3.2. It can be clearly seen 
that the presence of hafnium in a sample will have an effect on all but one of the 
platinum isotopes. 
Table 3.2: Polyatomic interferences on platinum 
[Vandecasteele & Block, 1993] 
Mass of Isotope 
190 
192 
194 
195 
196 
198 
Polyatomic Interference 
t74Hfl6Q+, t74ybl6Q+ 
176Hft6o+, t76ybt6o+, t76Lul6Q+ 
t78Hf16Q+ 
t79Hf16Q+ 
tsoHf16o+, taoTat6o+, tsowl6o+ 
1a2w16o+ 
3.4.2 Non-spectroscopic interferences 
A non-spectroscopic interference will cause a supression or enhancement of the 
analyte signal through a number of processes. These include sample transport, 
ionisation, ion extraction and ion throughput. 
Matrices with high levels of dissolved solids can cause blocking of the sample 
uptake tubing and injector or 'caking' around the sampler cone orifice. The effect 
can be noticed either by visual inspection of the sample uptake tubing and injector 
or through monitoring of the analyte signal; a decrease in intensity will be seen 
over time. It has been shown that the maximum acceptable level of dissolved 
solids for solution nebulisation is rvl% [Williams & Gray, 1988]. 
Sample matrices containing high levels of salts (typically group I and II metal 
salts) can cause suppression of the analyte signal. These metals have low ionisa-
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tion energies and can shift the plasma ionisation equilibrium causing the analyte 
element to be ionisied to a lesser extent. The nature of the plasma can change 
drastically depending on the matrix. Effects are seen in the change in plasma 
temperature and thus its dissociation, atomisation, excitation and ionisation prop-
erties. 
The 'space-charge effect' is another example of a non-spectroscopic interfer-
ence. Here, matrix ions increase the positive ion density that is found in the 
lenses. Significantly high levels of matrix ions in the ion beam cause repulsion of 
the analyte and the increased space-charge decreases the efficiency of the focusing 
lenses. Smaller analyte ions are more likely to be lost than heavier ones and sim-
ilarly, heavy matrix ions increase the space-charge effect to a greater extent than 
sn1aller ones. 
3.5 Reagents and Equipment 
Throughout the course of this work, the following reagents and instruments 
have been used. 
3.5.1 Reagents 
Acid digestion was performed with either nitric acid (Analar grade, 69%, BDH 
Laboratory Supplies, Poole, BH15 1 TD), hydrochloric acid (Analar grade, 35%, 
BDH), hydrofluoric acid (Analar grade, 40%, BDH) or mixtures thereof. Dilutions 
were accomplished using double distilled deionised water (DDW) with a resistivity 
of 18 MD cm-1. This was obtained from an Elgastat UHQ water dispenser (Elga 
Ltd, High Street, Lane End, High Wycombe, HP14 3JH) 
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3.5.2 Analytical standards 
Individual standards of the elements platinum, iridium, indium and bismuth 
were supplied as 1000 pg ml-1 solutions (Aristar™, Plasma Emission Standard, 
BDH). The hafnium and terbium solutions were also supplied as 1000 p.g ml-1 
(Specpure, Johnson Matthey, Materials Technology UK, Orchard Road, Royston, 
SG9 SHE). 
3.5.3 Glass and plastic ware 
Open vessel digestions took place in 50 ml PTFE squat beakers over a hot 
water bath. All glasswear was soaked overnight in 5% AR and then rinsed with 
DDW. Microwave digestion vessels were cleaned after each sample run using a 
warm DECON™ solution and rinsed with DDW. 
3.5.4 Instrumentation 
The hot water bath used for open vessel acid digestion, and the muffle furnace 
were supplied by Gallenkamp (Germany). Microwave digestion was achieved using 
a CEM MARS 5 (Microwave Accelerated Reaction System) microwave digestion 
unit (CEM Corp., USA). Test sieves were supplied by Endecotes Ltd (Lombard 
Road, London, SW19 3TZ). 
The inductively coupled plasma mass spectrometer used was the Finnigan 
MAT SOLA Q-ICP-MS (Finnigan Corp., Bremen, Germany) fitted with a V-
groove nebuliser. The machine was designed, built and manufactured by Patrick 
Turner of Thrner Scientific prior to being purchased by Finnigan. Hence, older 
models are known as TS SOLA. Figure 3.10 shows the instrumentation in situ. 
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Figure 3.10: Finnigan MAT SOLA Q-ICP-MS 
3.5.5 Certified reference materials - CRMs 
Six certified reference materials ( CRMs) have been used in this work. They 
are· PTM-1a, PTC-1a, WMG-1, SARM 7, NIST 2556 and NIST 2557. The first 
four are all of geological origin, either as an ore or taken from a stage of metal 
r fining. The last two are most suited to environmental platinum work and are 
d rived from the two types of catalytic converter mentioned in Section 1.5.1; the 
pelleted and monolith forms. Details of all these materials are given in Table 3.3. 
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Table 3.3: Certified reference materials used for 
platinum analysis by Q-ICP-MS 
Number Material Pt content Supplier 
PTM-1a Noble Metals-Bearing 7.31 ± 0.21 pg g-l CAN MET* 
Nickel-Copper Matte 
PTC-1a Noble Metals-Bearing 2.72 ± 0.11 pg g-1 CAN MET 
Sulphide Concentrate 
WMG-1 Mineralised Gabbro 731 ± 35 ng g-1 CAN MET 
PGE Reference Material 
SARM 7 Pt Ore 3. 7 4 ± 0.045 pg g-l SA Bureaut 
of Standards 
NIST 2556 Used Auto Catalyst 697.4 ± 2.3 pg g-1 NIST+ 
(Pellets) 
NIST 2557 Used Auto Catalyst 1131 ± 11 pg g-1 NIST 
(Monolith) 
*CANMET- 555 Booth Street, Ottawa, Ontario, Canada, KlA OGl 
tsouth African Bureau of Standards, P /Bag X191, Pretoria, 0001, RSA 
+National Institute of Standards and Technology, Gaithersburg, MD 20899 
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When performing analysis by ICP-MS, it is desirable to have optimal operating 
conditions in order to ensure maximum ion transport to the detection units. The 
forward power to the plasma and the nebuliser flow rate are two parameters that 
have the largest bearing on the ion signal, but a number of other parameters have 
an effect to a lesser extent. These include plasma gas flow rates, sample uptake 
rate and spray chamber temperature. 
-------------------------- -- ----- -
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3.6.1 Isotope selection 
Platinum has six naturally occurring isotopes as shown in Table 3.4, the most 
abundant being the 194Pt+ and 195Pt+ isotopes. 
Table 3.4: Nat ural abundances of platinum isotopes 
[Micromass UK Ltd, 1999] 
Mass of Isotope % Nat ural Abundance 
190 0.01 
192 0.79 
194 32.9 
195 33.8 
196 25.3 
198 7.2 
For analysis by ICP-MS, the choice of isotopes to monitor depends on anum-
ber of factors including natural abundance and isobaric and/ or polyatomic inter-
ferences. In Section 3.4, the major interferences on the platinum isotopes were 
described. The natural abundances of the 190Pt+, 192Pt+ and 198Pt+ isotopes 
make them unsuitble for trace platinum work without seriously compromising de-
tection limits. So, the relatively high abundance 194Pt+ and 195Pt+ isotopes were 
chosen, these also being the only two free from isobaric interference. Polytomic 
interferences are dealt with in more detail in this section and also in Chapter 4. 
3.6.2 Interference correction 
One of the major interferences for platinum analysis in environmental samples 
is hafnium oxide as n1entioned in section 3.4.1. Hafnium is used in the manufacture 
of cera1nics such as those used for catalytic converter honeycombs. Oxides of 
hafniu1n overlap all platinum isotopes with the exception of 198Pt+. Although the 
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isotope of interest and the polyatomic interference have the same nominal mass, 
there exists a tiny mass difference between the two. It is not possible to resolve 
between the two masses using quadrupole ICP-MS. Using mass data from Emsley 
[1991] and given that the resolution needed to separate these isoptopes ism/ ｾｭＬ＠
this point can be demonstrated: 
194.964766 179Hf+ 178.945812 15.994915 
ｭＯｾｭ＠ -
8100 
For a quadrupole ICP-MS, the maximum resolution is in the order of 300 
[Begerow & Dunemann, 1996], hence it cannot resolve 195Pt+ from 179Hf160+. 
The newest high resolution machines commercially available are quoted as having 
resolving powers of up to 12000 [Churchman, 1999]. 
Experimental methods of correction for the hafnium oxide interference are 
discussed in Chapter 4. 
3.6.3 Forward power and nebuliser flow rate 
To determine the optimum RF power to the plasma and nebuliser flow rate, 
a 100 ng ml-1 solution of platinum was analysed by varying the forward power 
between 1.1 and 1.6 kW in 0.5 kW intervals at nebuliser flow rates of 0.65 to 
1.20 1 min-1 in 0.05 1 min-1 intervals. It can be seen that the 195Pt+ signal 
generally increases with power until a maximum is reached and then decreases in 
magnitude with a further increase in power. For platinum, this value was found to 
be 1.4 k W as shown in Figure 3.11. The optimum nebuliser flow rate was observed 
at a flow of 0.95 1 min-1. 
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Figure 3.11: Optimisation of forward power and 
nebuliser flow rate 
3.6.4 Internal standardisation 
In ICP-MS, signal drift occurs over time. One of the most common techniques 
to corr ct for this phenonmenon is to employ internal standardisation. This pro-
cedure involves the addit ion of another element to the sample matrix at a constant 
concentration and monitored along with the analyte in question. As the signal 
begins to drift , it is brought back into line by a simple ratio with the internal 
tandard. There are number of requirements for an internal standard which can 
be summarised as follows: 
(1) it must not be inherently present in the sample matrix, 
(2) it should have a similar m/ z ratio as the analyte of interest, 
(3) it should have a similar ionisat ion potential to the analyte of interest, and 
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( 4) it should be mono-isotopic or have an isotope of high abundance. 
Indium has been a popular choice as an internal standard for the analysis of a 
number of elements. To a lesser extent, rhodium can also be used. However, for 
this work, rhodium has not been considered as it is found in automobile catalytic 
converters. 
A number of elements were selected as possible internal standards; their prop-
erties can be seen in Table 3.5. A solution containing each of these elements and 
Pt at 100 ng ml-1 was monitored over a period of 5 hours. The ratios of platinum 
to each potential internal standard are given in Figure 3.12. 
Table 3.5: Properties of potential internal standards 
[Emsley, 1991] 
Isotope Ionisation Potential kJ mol-1 Abundance 
115In 558.3 95.7 
165Ho 580.7 100 
191Ir 880 37.3 
2o9Bi 703.2 100 
195pt 870 33.8 
It can be seen from Figure 3.12 that the ratio has a very varied response and 
is therefore not suitable for this work. The 195Pt+ I 165Ho+ signals show similar 
behaviour to that of 195Pt+ I 115In+ and must also be discounted. The signal ratios 
for both 195Pt+ I 191 Ir+ and 195Pt+ I 209Bi+ generally mirror each other over time, 
the main difference being during the first 100 minutes. Whilst the fluctuation 
in signal ratio for 195Pt+ I 191 Ir+ is minimal, large variation is seen for 195Pt+ I 
209Bi+. 
The choice for internal standard to be used in platinum analysis therefore 
lies with iridium, monitoring the 37% abundant 191 Ir+ isotope. This is chosen in 
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preferen e to the 63% abundant 193Ir+ isotope which is subject to a polyatomic 
inter£ renee from 177Hf16Q+. The conclusions drawn from this experiment mirror 
tho e drawn by Williams and co-workers [Williams et al. , 1995; Williams, 
1996] where gold was the element of interest (197 Au, 100% natural abundance). 
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Figure 3.12: Internal standard investigation 
3.6.5 Spray chamber temperature 
By cooling the spray chamber, the amount of water introduced into the plasma 
is r duced by condensation of larger aerosol droplets. This decrease in available 
oxygen results in a significant reduction in the formation of polyatomic interfer-
enc . 
As previously described, one of the major causes of polyatomic interferences 
in environmental platinum analysis is due to hafnium. A solution of 2 pg ml- 1 
hafnium was analysed for both the 179Hf+ isotope and the 179Hf16Q+ polyatomic. 
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Figure 3.13 shows the ratio of 179Hf+ to 179Hf160+. At . a temperature of-2oC, the 
highest ratio of 179Hf+ to 179Hf160+ is seen. Put another way, at this temperature, 
the formation of 179Hf160+ is at a minimum. 
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Figure 3.13: Spray chamber temperature 
3.6.6 Sample introduction method 
Pneumatic nebulisation was chosen as the sample introduction method for this 
work. Two types of nebuliser were investigated, the V-groove and the cross-flow. 
The latter was found to be unsuitable due to blockage from samples containing 
high levels of dissolved solids. Therefore, the former was chosen and proved itself 
to be reliable in operation. 
------------------------'------ - ·---· - ·- . 
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3.6.7 Sample uptake rate 
The rate of sample uptake is another minor factor in signal intensity due to 
polyatomic ion formation. A solution of 100 ng mi-1 platinum was aspirated at 
a variety of uptake rates, controlled using a Gilson Minipuls 3 peristaltic pump. 
The experiment was then repeated with a 2 pg ml-1 hafnium solution and the 
179Hf+ and 179Hf16Q+ intensities measured. The ratio of the two signals gave a 
n1inimum 179Hf16Q+ ion formation at a speed of 8 rpm. When compared with the 
ion intensities from the first experiment, a compromise was reached at a value of 
10 rpm. This corresponds to a sample uptake rate of rv 0.88 ml min-1. 
3.6.8 Sampling depth 
The distance from the load coil to the front of the sampler cone is known 
as the aperture load-coil separation, or more commonly, the sampling depth. It 
should be sufficiently large to allow maximum dissociation and ionisation of the 
analyte ions without being so large as allow recombination of the species. For the 
Finnigan MAT instrument, this depth is set at 14mm and movement along the 
z-axis is not permitted. Work performed by Horlick et al. [1985] has suggested 
that little effect is seen upon the sample count rate when varying the sampling 
depth (provided it is initially set at an appropriate depth) unlike the nebuliser 
flow rate and forward power values. 
3.6.9 Memory effect 
In ICP-MS, if a sample containing the element of interest was analysed prior to 
the current one, it is possible that a portion of it will remain within the instrument. 
This can give rise to erronously high results for the current sample; a phenonmenon 
known as memory effect. For certain elements, a strip-down of the instrumentation 
from source to detection is the only way to remove this effect although this is a 
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somewhat drastic measure. Boron, iodine, silver and gold are all known to have 
long residence times within ICP-MS instruments. 
For platinum, memory effects can be reduced to a minimum by washing through 
the system between each sample with a dilute mineral acid. Four solutions were 
investigated as potentials for wash-out media; these being DDW, 5% nitric acid, 
5% hydrochloric acid and 5% aqua regia. The graphs in Figure 3.14 show the 
signal for 195Ft+ over a period of time according to the following procedure: 
(1) aspirate 8% aqua regia for a period of 1 minute, 
(2) aspirate a solution of 100 ng ml-1 platinum in DDW for 2 minutes, 
(3) wash with one of the 4 test solutions, 
( 4) change to 8% aqua regia after a further 9 minutes. 
For DDW (Figure 3.14(a)), it can be clearly seen that residual platinum re-
mains within the system and is removed with an 8% aqua regia wash. Washing 
with 5% nitric acid and 5% hydrochloric acid (Figures 3.14(b) and 3.14(c)) both 
return the platinum signal to background levels within 6 minutes (total run time) 
after commencement of the study. No residual platinum is seen when switching 
to 5% aqua regia. The return to background signal for a 5% aqua regia solution 
(Figure 3.14(d)) does happen slightly faster than the previous two solutions. This 
can be seen in the sharper gradient. So to ensure optimum sample throughput, 
5% aqua regia is the wash-out solution of choice. 
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The Finnigan MAT SOLA software does not provide a convenient procedure 
for time resolved analysis. It is therefore necessary to 'trick' the software to obtain 
such a result. A mass range of 250 amu is manually selected and an appropriate 
number of channels and dwell time is selected according to the time required for 
the analysis (number of passes must be equal to 1 to prevent overwriting of the 
spectrum). As soon as the run procedure is started, the user must operate the 
interface switch from remote to local with the mass dial set on 195. 0. 
3.6.10 Calibration 
For platinum analysis, calibration was performed using five standard solutions; 
0, 1, 2, 5 and 10 ng ml-1 in 5% aqua regia. Figure 3.15 shows a typical calibration 
curve. The R2 value of 0.9994 shows excellent straight-line correlation for the data 
points. 
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Figure 3.15: Platinum calibration curve 
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3.6.11 Scan parameters 
There are five scan parameters that must be set before a sample can be anal-
ysed. These are: 
detector mode; can be either Faraday (for ion counts >106) or electron multi-
plier 
channels; the number of steps per amu in which ion counts are measured 
dwell time; amount of time per channel that ions are counted 
passes; number of repetitions per channel 
scans; number of repetitions for the entire mass range studied 
When deciding upon the values, consideration must be given to both accuracy of 
results and speed of analysis. A 10 ng ml-1 solution of platinum was analysed 
with varying values for the above parameters. For each set of conditions, three 
measurements were taken. Figure 3.16 gives the average % RSD for increasing 
number of passes. 
It can be seen that a significant lowering of the RSD is seen between 10 and 
100 passes. Further lowering is seen with 200 passes but the change is small. At 
the same time, analysis time is slightly more than doubled. By using 10 scans as 
opposed to 3, further lowering of the RSD is seen as is the case with 16 channels 
( cf 8 channels). 
Finally, the effect of dwell time is seen in Figure 3.17. A dwell time of 2 ms 
was deemed to be most appropriate given the effect upon analysis time. 
Table 3.6 summarises the values for each of these parameters that have been 
used for platinum measurements. 
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Figure 3.16: Optimisation of scan parameters -
passes, channels and scans 
3.6.12 Platinum signal stability 
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The signal from analytical instrumentation is liable to drift over time. This is 
usually corrected by the use of an internal standard (Section 3.6.4). It is of interest 
however, to note how stable the corrected signal is over time, as instability may 
give rise to erroneous results. Two separate experiments were conducted in order 
to simulate both short and long analytical runs and to investigate relative signal 
stability. 
Short-term 
A solution of 100 ng mi- 1 platinum and iridium in 5% aqua regia was con-
tinually aspirated over a period of 4 hours. During that time, signal counts were 
recorded every 5 minutes for 191 Ir+ and 195Pt+. A plot of count ratio for 195Pt+ / 
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Figure 3.17: Optimisation of scan parameters -
dwell time 
191 Ir+ clearly demonstrates the stability of the corrected signal over a short period 
of time (Figure 3.18). 
Long-term 
Again, a solution of 100 ng ml-1 platinum and iridium in 5% aqua regia was 
used to study the long-term stability. An uptake time of 1 minute was permitted, 
followed by signal measurement and then washout with 5% aqua regia. This was 
continued for a period of 10 hours with measurements occurring at 15 minute 
intervals. Long-term stability is again demonstrated during the period of analysis 
(Figure 3.19). 
One important point arises from both of these investigations. Signal stability is 
not reached until approximately 60 minutes into a sampling run. After this time, 
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Table 3.6: Scan parameters for platinum analysis 
using the Finnigan MAT SOLA 
Parameter Value Parameter Value 
Detector Multiplier Passes 100 
Channels 16 Scans 10 
Dwell time 2 ms 
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a generally linear response can be seen. Possible causes of this anomaly include; 
insufficient vacuum in the expansion, intermediate, analyser and collector housings 
giving rise to poor ion beam extraction and separation; and inability to reach 
optimum temperature. Whatever the cause, a period of at least one hour should 
be left with all three turbomolecular pumps running prior to commencement of 
sample analysis. This allows sufficient time to allow the instrumentation to reach 
normal operating conditions. 
3.6.13 Summary of operating conditions 
By optimisation of the above parameters, the most suitable conditions for 
the determination of platinum using the Finnigan MAT SOLA instrument were 
obtained. Table 3.7 summarises these parameters. For the unitless values, small 
fluctuation is observed from day-to-day and thus the values shown typify a normal 
days operation. Optimisation of these parameters is performed at the time of 
instrument start-up by the monitoring of a 100 ng ml-1 platinum solution. Under 
optimum conditions, a signal of 1.5 x 105 cps is observed. 
_______________________ _____:__ ____ _ ---- -- - -- ---- -
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Figure 3.18: Short-term stability 
3. 7 Analytical Figures of Merit 
A number of the AFMs defined in Section 2.4 were determined using the Finni-
gan MAT SOLA under the operating conditions listed in Table 3.7 
3. 7.1 Sensitivity 
A solution containing 100 ng ml-1 platinum in 5% aqua regia was used to per-
form the optimisation of the ion beam transmission through the spectrometer. By 
continually aspirating the solution and monitoring the signal output for the 195Pt+ 
•Jfl\ 
/ isotope, the electrostatic lenses could be tuned to give a maxima. Under optimum 
I 
conditions, with internal standardistaion and blank correction, a sensitvity of 1500 
cps ng-1 ml is attainable. 
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Figure 3.19: Long-term stability 
3.7.2 Detection limit 
Table 3.8 gives a comparison of detection limits for various analytical methods 
employed in the analysis of platinum [Hees et al., 1998]. The value given for 
quadrupole ICP-MS was obtained by measuring a blank sample 10 times and 
recording the mean value plus 6 times the standard deviation (x + 6a) and is 
calculated as 0.12 ng ml-1. This follows the recommendations of Potts [1987] in 
using XLon as a suitable measure for a detection limit (values of XLLD and XLoQ 
were 0.06 and 0.20 ng ml-1 respectively) 
3.7.3 Linear dynamic range 
Synthetic solutions of platinum were prepared at the following concentrations: 
1, 10 and 100 pg ml-1 , 1, 10 and 100 ng ml-1 , and 111g ml-1 . The ion counts were 
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Table 3. 7: Q-ICP-MS operating conditions for 
platinum analysis using the Finnigan MAT SOLA 
Parameter Value Parameter Value 
Incident Power 1.4 kW Reflected Power <5W 
Cooling gas flow 15 1 min-1 Intermediate gas flow 1 min- 1 
N e buliser gas flow 0.95 1 min-1 N e buliser pressure 3.1 bar 
Spray chamber temp. -2 oc Cooling water temp. 12 oc 
Pump speed 10 rpm Resolution 37 
Y steer 5.24 Y deflection 7.25 
X deflection 3.62 Extraction 2.40 
Focus 10 Match 8.28 
Pole Bias 5.0 Filter 10.0 
Interspace 10 Discriminator 2.40 
Multiplier voltage 5.5 v Vacuum stage 1 2.8 mbar 
Vacuum stage 2 4.0 x 10-3 mbar Vacuum stage 3 4.5 x 10-5 mbar 
measured for each solution and the raw counts per second were plotted against 
concentration. The plot revealed a linear relationship over the range studied, 
or put another way, 7 orders of magnitude. For the concentrations likely to be 
encountered in environmental platinum analysis, this range is more than adequate. 
3.8 Summary 
This chapter has described the technique of Q-ICP-MS and its associated in-
strumental components. The optimisation work performed on synthetic platinum 
solutions has demonstrated that although Q-ICP-MS can be used for analysis of 
elements across the mass range, sensitvity can be severely compromised when at-
tempting multielement determinations. For maximum sensitivity, each element 
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Table 3.8: Detection limits for platinum by various 
analytical techniques [Hees et al., 1998] 
Method Limit of Detection 
HR-ICP-MS 0.06 pg ml-1 
DPCSV 21 fg ml-1 
HPLC 0.2 pg ml-1 
HPLC-ICP-MS 4 ng ml-1 
SPE-GFAAS 10 pg ml-1 
SPE-HPLC 0.6 ng ml-1 
FI-TN-ICP-MS 25 pg ml- 1 
Q-ICP-MS 0.12 ng mz-l 
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must have the individual operating parameters manually* optimised prior to com-
mencement of analysis. 
The major influential instrumental parameters are the forward power and the 
nebuliser flow rates. For platinum, these values are 1.4 kW and 0.95 1 min-1 
respectively. A reduction in the formation of the 179Hf16Q+ polyatomic interference 
was seen with cooling of the spray chamber to -2°C. 
Platinum analysis leads to memory problems for subsequent measurements. 
Of the four wash-out solutions investigated, 5% aqua regia was found to reduce 
this platinum memory to background levels in the shortest time, typically within 3 
minutes. A wash-out period of 5 minutes is advised between subsequent analyses. 
*Modern instrumentation can perform a number of these optimisations automatically. 
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4.1 Introduction 
A sample decomposition method and subsequent analysis is dependent on the 
matrix. As an example, a geological sample requires a very different digestion 
procedure from one of biological origin, the latter being typically much easier to 
digest. To assess the suitability of any method, systems of validation need to be 
followed. 
Firstly, this chapter investigates a number of digestion procedures for a range 
of environmental and geological materials. Spike recoveries and, where available, 
CRMs have been used to validate these methods. 
Secondly, the problem of polyatomic interference from hafnium oxide on the 
195Pt+ isotope is addressed and methods of mathematical correction examined. 
Finally, using the proposed digestion and analysis procedure, an 'in-house' 
reference sample is prepared and characterised for use in environmental platinum 
determinations. 
4.2 Sample Preparation in Theory 
Environmental samples of a liquid nature can invariably be analysed by solution 
nebulisation ICP-MS directly without the need for sample pre-treatment, provided 
the total amount of dissolved solids is less than 1%. Those of a solid nature 
however, need to be subjected to a digestion procedure depending upon their 
physical characteristics. The main methods are alkali fusion and mineral acid 
digestion. 
4.2.1 Alkali fusion 
For geological samples, the use of an alkali flux is the classical method of per-
forming sample digestion [Potts, 1987]. The sample is crushed to a fine powder, 
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mixed with a large excess of alkali flux (up to a sample:flux ratio of 20:1) and 
placed in a furnace to produce a liquid melt. Upon cooling, the melt is dissolved 
in a dilute mineral acid, typically hydrochloric acid, and then prepared for anal-
ysis. When using ICP-MS though, fluxes such as Na20 2 present in the solution 
can result in significant suppression of the analyte signal with the introduction 
of percentage levels of easily ionised matrix elements, namely sodium. This is 
an example of a non-spectroscopic interference as was explained in Section 3.4. 
Although other flux materials can be used, they invariably contain other easily 
ionised elements, such as lithium. The alkali fusion therefore generally has limited 
use in ICP-MS 
4.2.2 Open vessel acid digestion 
The use of mineral acids for sample digestion is well established [Anderson, 
1987]. In open vessel acid digestion, a sample is treated with a volume of acid or 
acids and heated on a hot plate in order to break down the matrix. Again, the 
nature of the sample and the physical and chemical characteristics of the acid will 
determine which acid combination can be used. It is often necessary to add extra 
volumes of acid in order to achieve complete digestion. 
Nitric acid 
Concentrated nitric acid forms an azeotropic mixture at 67% with a boiling 
point of 121°0. It has both strong acidic and oxidising properties with the ability 
to oxidise all metals with the exception of the PGEs. It is therefore not suitable 
on its own for subsequent platinum determinations. Elements such as aluminium, 
chromium, titanium, niobium and tantalum cannot be dissolved by nitric acid 
as they become passive; that is oxidised to insoluble oxides which resist further 
acid attack. The weakly complexing nitrate ion can hydrolyse some ions, such as 
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tin, tungsten and antimony in the acid solution thereby causing precipitation of 
hydrated oxides. 
Hydrochloric acid 
An azeotropic mixture of 6M hydrochloric acid with a boiling point of 109oC is 
formed when 121\11 hydrochloric acid is heated. It is a strong acid but has no other 
oxidising powers other than those of the H+ ion. Strong complexes can be formed 
with ions such as Au3+, Tl3+ and Hg2+ with Cl-. Hydrochloric acid is ideal for 
dissolving the more electropositive metals, along with their oxides and hydroxides. 
In addition, it will dissolve many phosphates, borates, carbonates and sulphides. 
It is often used to redissolve platinum compounds after sample pretreatment by 
fusion. 
Hydrofluoric Acid 
Hydrofluoric acid at 36% forms an azeotropic mixture with a boiling point of 
111°C. As an acid, it is weak and non-oxidising, but the fluoride ion is the most 
powerful complexing anion of the mineral acids and has the ability to form stable 
fluorides and fluoro-complexes with most elements. Perhaps most importantly, 
these elements include the refractory elements which form stable insoluble oxides 
in other acids. 
Hydrofluoric acid is widely used to digest silicate materials such as the ul-
tratnafic platinum ores. The F- ion breaks down the silicates to form volatile 
silicon tetrafluoride (SiF4) which can then be evapourated from the sample vessel 
(Equation 4.1). 
(4.1) 
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Sulphuric acid 
Sulphuric acid has a boiling point of 330oC and when hot, has strong oxidising 
and acid properties in addition to powerful dehydrating characteristics. Organic 
material present in the sample can therefore be destroyed with relative ease. Since 
metal sulphates are generally of low volatility, it is possible to take the acid mixture 
to incipient dryness without fear of losing the analyte from the matrix. It is 
often used after treatment with hydrofluoric acid to remove traces of fluoride by 
converting the metal fluorides to sulphates and driving off hydrogen flouride. 
Perchloric acid· 
A powerful oxidising agent when hot, it forms an azeotropic mixture of 72% 
perchloric acid with a boiling point of 203°C. Almost all metals (except the PGEs 
and some alloys) can be dissolved by the acid and converted to ions of high oxida-
tion state in solution. As the acid has such powerful oxidising properties, it must 
not be allowed to come into contact with any easily oxidised organic or inorganic 
material as it is liable to cause an explosion. For these reasons, perchloric acid 
has not been used throughout this work. 
Mixed acids 
A common acid mixture used for digestions of samples containing platinum 
and other PG Es is aqua regia ( AR). This is formed from mixing concentrated 
hydrochloric and nitric acids in a ratio of 3:1 (Equation 4.2). 
(4.2) 
The resultant mixture gives off chlorine and nitrosyl chloride, both powerful 
oxidising agents. As these products decay with time, it is essential to prepare a 
fresh mixture and to use it once a dark red colour has formed. 
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By using different acids together for sample dissolution, the relative merits 
of each acid can be harnessed to effect a complete digestion. The physical and 
chemical makeup of the geological and environmental materials used in this work 
suggest that a mixture of aqua regia and hydrofluoric acid would be most suitable 
as a digestion medium. 
4.2.3 Closed vessel acid digestion 
There are several limitations to open vessel acid digestion including: 
(1) loss of volatile analytes, 
(2) insufficient heating of mineral acids when using a water bath, and 
(3) need for continual addition of acids due to evapouration. 
Two types of closed vessel system are available for sample digestion. Both 
enable acid superheating, but each uses a different method. 
Microwave digestion 
Closed vessel microwave digestion offers a number of advantages over open 
vessel digestion: 
( 1) digestion time is significantly quicker, 
(2) greater efficiency of heating the sample, 
(3) elevated temperatures and pressures possible, and 
( 4) no loss of volatile elements. 
As the name suggests, the energy source used to obtain sample heating in such a 
system is microwave energy, typically of around 2450 MHz. The energy supplied to 
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a sample is lost to its surroundings via two processes; ion conduction and dipole 
rotation. The disorder imposed on the sample during exposure to microwave 
radiation occurs so frequently that heating of the sample matrix is very rapid. By 
heating the entire sample simultaneously, the solution can reach boiling point in a 
much shorter time with localised areas of superheating, thus promoting digestion. 
As the solution heats up, the pressure within the vessel rises and consequently the 
solution boils at an elevated temperature resulting in a more efficient digestion 
procedure. Volatile elements are contained within the vessel as they cannot escape 
as a vapour. 
Vessels for microwave digestion must be chemically and thermally stable whilst 
remaining transparent to microwave radiation. For these reasons, the material of 
choice is often Teflon ™ PFA (perfl.uoroalkoxy; a tetrafl.uoroethylene with a fully 
fluorinated alkoxy side-chain); a material that has all of these properties and in 
addition, is a good insulator thereby ensuring minimal heat loss to the surround-
ings. 
To ensure the uniform heating of samples inside the digestion unit cavity, a 
turntable and beam deflector are used to distribute the microwave beam through-
out the system. A schematic of a microwave digestion unit is given in Figure 4.1 
Pressure bomb 
The pressure bomb utilises the idea of an elevated boiling point from the heat-
ing of a solution within a closed vessel in the same way as microwave digestion. 
The difference is in the method of heating. A pressure bomb normally consists of 
a cylindrical Teflon ™ liner that is placed inside a metal container with a metal lid 
screwed down onto it to provide a seal. The bomb is then placed into a conven-
tional oven or furnace and heated. This technique does offer some benefits over 
an open vessel system but very careful matching of sample and matrix is required 
to guard against the very real risk of explosion [Ward, 1987]. 
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Figure 4.1: Microwave digestion unit- based on 
CEM MARS 5, CEM Corporation 
4.3 Geological Sample Preparation 
Samples of a geological nature are renowned for their solubilisation difficulties. 
The use of large amounts of alkali fluxes has a detrimental effect on the ionisation 
efficiency of a plasma in ICP-MS analysis (Section 3.4.2). Time consuming proce-
dures are therefore needed to remove interfering elements from the sample matrix 
which can result in loss of analyte. Such a method is therefore not suited to large 
sample numbers. 
Initial work was concerned with the accurate measurement of platinum in ge-
ological materials both pre- and post-processing of platinum ore. Samples were 
subjected to digestion by three different methods; alkali fusion, open vessel acid 
digestion and microwave digestion. 
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4.3.1 Alkali fusion 
A 0.250 ± 0.005 g portion of sample was mixed with 1.250 ± 0.005 g (5:1 excess 
according to sample mass) of sodium peroxide and thoroughly mixed in a 15 ml 
capacity nickel crucible. The mixture was then gently heated over a bunsen burner 
until a liquid melt was formed. Upon cooling, the crucible was transferred to a 
500 ml beaker and filled with warm DDW. The dissolved melt was then diluted 
to 4% AR in a 25 ml volumetric flask. A summary of the procedure is given in 
Figure 4.2(a). 
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Mix 0.250 ± 
0.005 g sample 
with 1.25g Na202 
Melt over a bunsen 
Transfer to 
500ml beaker 
Dissolve cooled melt 
with warm DOW 
Dilute to 25ml 
with 4%AR 
(a) Alkali Fusion 
Weigh and dry 
overnight at 11 ooc 
1 
Weigh and ash 
overnight at 400°C 
l 
Weigh and transfer 
0.150 ± 0.005 g 
to squat beaker 
1 
Add 10 miAR 
and 10 ml HF 
1 
Boil to incipient 
dryness 
1 
Dilute to 25ml 
with 4%AR 
(b) Open vessel digestion 
Figure 4.2: Procedures for alkali fusion of geological 
samples and open vessel acid digestion of grass 
samples 
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Weigh and dry Weigh and dry 
overnight at 11 ooc overnight at 110°C 
t l 
Weigh and ash 
overnight at 400°C 
Weigh and transfer 
0.150 ±0.005 g 
to squat beaker 
t t 
Weigh and transfer 
0.150 ± 0.005 g 
to squat beaker 
Add 10 ml HN03 
and 10 ml HF 
t 1 
Add 10 miAR Boil to incipient 
and 10 ml HF dryness 
1 1 
Boil to incipient 
dryness 
Add 10 ml AR and 
boil to incipient 
dryness 
t 1 
Dilute to 25ml Dilute to 25ml 
with 4%AR with 4%AR 
(a) Soil {b) Dust 
Figure 4.3: Procedures for open vessel acid 
digestion of soil and roadside dust samples 
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When analysing the samples, the very high levels of sodium in the sample 
solution ( rv2.9% w /v) caused significant suppression on the analyte signal, hence it 
was necessary to attempt matrix-matching of standards in order to account for the 
suppression. The degree of platinum signal suppression from sodium is shown in 
Figure 4.4. To achieve matrix matching, to each of the standards, 1.250 ± 0.005 g 
of Na202 was added (2.9% w /v) and the solutions re-analysed. The effect of this 
was to suppress both standards and samples to equivalent amounts. 
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Figure 4.4: Suppression of a 10 ng mi-1 platinum 
solution by sodium 
Although this procedure overcame the problem of unmatched standards and 
samples, another problem arose. The high level of dissolved solids in the sam-
ples (>5%) caused deposition of material on each of the three instrument cones 
(see Section 3.2.7 for details concerning sampler, skimmer and accelerator cones). 
Not only did this result in partial cone orifice blocking, but also arcing between 
the accelerator cone and the rear side of the skimmer cone causing a negative 
- ｾＭＭ ｾ ＭＭＭＭＭ ＭＭ ｾＭ Ｍ --- ------------------
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pulse* to be recorded on the analogue Faraday display and tripping of the electron 
multiplier. After a period of approximately 2-3 hours continual sample running, 
the instrumentation would shut down. Although it was possible to analyse a few 
samples during this period, the numbers were extremely limited and RSD values 
were invariably high (>70%) due to the tripping of the electron multiplier during 
the analysis period. In order to resume analysis, cones and glassware had to be 
removed, cleaned, replaced and the instrumentation recalibrated. The situation 
was considered to be far from satisfactory for routine platinum determination. 
4.3.2 Open vessel digestion 
The sample materials as analysed by alkali fusion were also subjected to open 
vessel acid digestion. 
A 0.100 ±0.005 g portion of sample was weighed into 50 ml polypropylene 
squat beakers and treated with one of the following acid mixtures: 
• 10 ml nitric acid plus 10 ml hydrofluoric acid, 
• 10 ml hydrochloric acid plus 10 ml hydrofluoric acid, or 
• 10 ml aqua regia plus 10 ml hydrofluoric acid. 
The vessels were heated over a hot water bath to incipient dryness, a further 
10 ml of each acid was then added and taken to incipient dryness again. A 1 ml 
aliquot of nitric acid, hydrochloric acid and aqua regia respectively was added to 
dissolve the remaining concentrate and the solution made up to 25 ml in a volu-
metric flask. By using visual inspection, those vessels containing the hydrochloric 
acid/ hydrofluoric acid mixture gave a considerably less complete digestion than 
the other two. 
*This effect is known as 'ticking'. 
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As with the alkali fusion, the geological samples supplied were found to contain 
platinum levels near or below the detection limit of the instrumentation. Certi-
fied reference materials were therefore employed to assess the suitability of the 
digestion procedure. 
4.3.3 Microwave digestion 
Approximately 0.150 ±0.005 g of geological material was weighed into PTFE 
digestion vessels, a greater mass than used in open vessel digestion due to a larger 
vessel size. A 10 ml aliquot of aqua regia was added followed by 10 ml hydrofluoric 
acid. The samples were then subjected to the digestion procedure detailed in 
Table 4.1. 
Table 4.1: Operating conditions for CEM MARS 5 
microwave digestion unit 
Stage Description Pressure (psi) Time (mins.) 
1 
2 
3 
4 
ramp 
hold 
ramp 
hold 
150 
150 
200 
200 
3 
5 
3 
10 
Upon cooling, samples were transfered to polyproylene squat beakers and evap-
ourated to incipient dryness over a hot water bath for approximately 2 hours. The 
residue was then redissolved with 1 ml aqua regia before diluting to 25 ml for Q-
ICP-MS analysis. 
4.3.4 Certified reference materials 
Table 4.2 summarises the data obatined for four geological CRMs digested by 
alkali fusion, open vessel acid digestion and microwave digestion. 
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Material 
Table 4.2: Analysis of geologically-derived certified 
reference materials by three digestion methods -
alkali fusion, open vessel and microwave digestion 
Alkali Fusion* Open Vesselt Microwavet Certified value 
mean (sd) mean (sd) mean (sd) mean (sd) 
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SARM 7 1.73 (0.22) 3.75 (0.13) 1.43 (0.27) 3.74 (0.045) llg g-1 
WMG-1 784 (141) 
PTM 1a 0.59 (0.10) 
PTC 1a 0.60 (0.05) 
*Na202, DDW, 5% aqua regia 
t aqua regia and hydrofluoric acid 
t aqua regia and hydrofluoric acid 
657 (130) 612 (104) 731 (141) ng g-1 
3.61 (0.44) 1.01 (0.03) 7.31 (0.21) llg g-1 
0.69 (0.13) 0.41 (0.06) 2.72 (0.11) llg g-1 
Of the three methods studied, open vessel digestion gave accurate results for 
SARM 7 and WMG-1 with experimental values of 3.75 (0.13) 11g g-1 and 657 
(130) ng g-1 lying within the certified ranges of 3.74 (0.045) 11g g-1 and 731 (141) 
ng g-1 respectively. All three methods gave platinum results within the reference 
range for WMG-1. Values for both of the copper-nickel ores (PTM la, PTC la) 
were considerably less than the certified values. This may be due to incomplete 
digestion but it is more likely to be a result of inhomogenous distribution of the 
platinum within the sample matrix. Samples of greater mass may yield more 
accurate and precise results by alleviating this problem of inhomogeneity. The 
accompanying analysis certificates for both PTM 1a and PTC la did not state a 
minimum sample mass to ensure homogeneity although in geological applications, 
this can typically be around 1 g. Due to the large volumes of acid required to digest 
such a mass and consequently larger digestion vessels, the hypothesis concerning 
inhomegeneity could not be tested. 
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4.3.5 'Real' geological samples 
A number of samples were received from the USA (SJS Inc., California). These , 
samples were described as precious metal ores and ore concentrates. Several of 
these samples were reported to contain PGEs at percentage levels (1% = 10 000 pg 
g- 1 ). In total, more than 40 such materials were analysed by ICP-MS for precious 
metal content. Each sample was subjected to both the alkali fusion and open 
vessel acid digestions as previously described. A number were also digested using 
1nicrowave digestion procedures. All samples were digested in triplicate. The final 
solution volumes were 100 ml as opposed to the usual 25 ml. This was because 
sample analysis was carried out for all of the PGEs as well as gold. The detection 
limit for platinum was considerably higher than for those samples digested solely 
for platinum analysis due to a much longer analysis time being required and hence 
a greater sample volume. Also, optimum instrument conditions were unobtainable 
due to the wide variation of elements being analysed for. Detection limits for the 
elements studied are given in Table 4.3. None of the samples was shown to contain 
levels of PGEs significantly higher than the detection limits . 
Inter-method comparison - ICP-MS and INAA 
The process of quality control ( QC) in an analytical laboratory is to ensure that 
the values obtained using a particular digestion method or instrumental technique 
are correct. The use of CRMs has been discussed and employed along with two 
methods of comparison, the first being inter-method comparison. The second, 
Table 4.3: Platinum group element detection limits 
for multi element analysis- ng g-1 
Ruthenium Rhodium Palladium Osmium Iridium Platinum Gold 
270 25 570 130 90 160 140 
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inter-laboratory comparison is discussed in Section 4.8.2. 
The apparent lack of platinum in the provided samples was a cause for concern 
and hence further confirmation was required. Three samples, namely two of the 
samples supplied by SJS Inc. and the CRM SARM 7, were therefore sent to the 
Centre for Analytical Research in the Environment (Imperial College, Silwood 
Park, Ascot, Berks.) for determination by INAA. In addition to platinum, a 
number of the other PGEs and gold were also determined. Table 4.4 gives these 
data. Values for SARM 7 all fall within the same order of magnitude as the 
certified values although are all consistently lower including the value for gold. 
No explanation was provided by Imperial College for these findings. Both of the 
ore samples failed to show PGE concentrations above the detection limit, hence 
supporting the work performed by ICP-MS. 
Inter-method comparison - ICP-MS and SEM 
One other technique was employed to assess the samples for precious metal con-
tent, that of scanning electron microscopy (SEM). Using a Jeol 8600 microprobe 
analyser at the Microstructure Studies Unit (Department of Materials Science, 
University of Surrey), a number samples were studied. Although quantitative anal-
ysis is permissible by this technique, the high detection limits of approximately 
10 000 pg g-1 mean that it is unsuitable for trace platinum analysis. Qualitative 
scans were therefore performed at a power of 10 keV on samples weighing approx-
imately 0.2 g. Table 4.5 details the x-ray lines that would be observed should any 
PGEs be present at percentage levels in the samples. For this qualitative study, 
none of the samples showed any of the PGEs to be present. 
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Table 4.4: IN AA data for 2 'precious metal' ores 
and SARM 7 - pg g-1 
Element Sample A* Sample B Sample ct Reference 
SARM7 SARM 7 
Ru < 0.024 0.392 (0.025) < 0.024 0.43 (0.057) 
Pd < 0.030 1.03 (0.22) < 0.030 1.53 (0.032) 
Ir < 0.00024 0.0675 (0.0020) < 0.00024 0.074 (0.012) 
Pt < 0.51 3.133 (0.097) < 0.51 3.74 (0.045) 
Au 0.00673 (0.00020) 0.1808 (0.0052) 0.0506 (0.0014) 0.31 (0.015) 
*George Pelletised Dore, USA 
tPesi Jack Ash, USA 
4.4 Environmental Sample Preparation 
In order to gain an idea of the potential transport of platinum from the source 
of its pollution, in this case, catalytic converters, a number of environmental ma-
trix types were studied. These matrices included; vegytation, soil/sediment and 
roadside dust. From the work performed on ｧ･ｯｬｯｧｩ｣｡ｾ＠ based samples, the open 
vessel acid digestion was deemed most suitable. To establish if quantitative re-
covery of analyte from digestion to measurement was being achieved, a 'spike' 
was added to both samples and blanks. The spike consists of a known volume 
and concentration of the analyte of interest. Recovery of the spike is determined 
according to Equation 4.3: 
measured spike cone. 10001' 
h . l 'k X 10 t eoretlca sp1 e cone. 
(4.3) 
Three acid mixtures were investigated in a spike recovery experiment: 
(1) nitric acid and hydrofluoric acid, 
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Table 4.5: Expected x-ray lines for PGEs by 
scanning electron microscopy 
Element Lal Mal Kal 
Ru 2.55 
Rh 2.70 20.21 
Pd 2.70 21.17 
Os 8.91 1.91 
Ir 9.17 1.98 
Pt 9.44 2.05 
Au 9.71 2.12 
(2) hydrochloric acid and hydrofluoric acid, and 
(3) aqua regia and hydrofluoric acid. 
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A 1 ml aliquot of 100 ng ml-1 platinum was added into 10 polypropylene squat 
beakers. The beakers were placed in a drying oven and heated at 60oC for approx-
imately 2 hours until all the liquid had evapourated. To each of these beakers, 
10 ml of the three mixtures above was added (30 beakers in total). The solutions 
were evapourated to incipient dryness and any residue was redissolved in 1 ml 
aqua regia and diluted to 25 ml in a volumetric flask with DDWt. Analysis was by 
Q-ICP-MS with internal standardisation using the 191 Ir+ isotope and instrumental 
operating conditions in accordance with Table 3.7. Data from this experiment is 
given in Table 4.6. 
It can be clearly seen that the aqua regia/ hydrofluoric acid digestion procedure 
gives excellent quantitative recovery of platinum with a mean value of 99.5% and 
RSD of 2.8%. 
tThe concentration of the spike solution was therefore 4 ng ml-1 platinum. 
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Table 4.6: Clear spike recoveries for 3 acid mixtures 
{from a 10 ng ml-1 spike) 
Acid mixture n Mean RSD Recovery 
Aqua regia I hydrofluoric acid 10 3.98 ng ml-1 2.8 99.5% 
Nitric acid I hydrofluoric acid 10 3.40 ng ml-1 3.3 85.0% 
Hydrochloric acid I hydrofluoric acid 10 1.95 ng ml-1 32.3 48.8% 
4.4.1 Vegetation 
Vegetation samples, namely common ryegrass (Lolium perenne) were studied 
in two different environments. The first when studying platinum uptake and the 
second, the analysis of grass samples from beside a motorway. After sampling 
and weighing, the vegetation was dried overnight in a drying oven at 110°0. It 
was then weighed again and placed overnight in a muffle furnace to ash at 450°0. 
After a further weighing, 0.150 ±0.005 g of ash was transferred to a polypropylene 
squat beaker, 10 ml aqua regia and 10 ml hydrofluoric acid were added. The 
vessels were heated to incipient dryness, the residue redissolved in 1 ml aqua 
regia and diluted with DDW to 25 ml. A summary of the procedure is given 
in Figure 4.2(b). Analysis was in accordance with the recommended method 
described in Section 4.7. 
Platinum spike recovery from vegetation 
Using the conditions described in Section 5.3 for the growing of Lolium perenne, 
a portion of uncontaminated ashed vegetation was weighed out (0.150 ±0.005 g) 
and spiked with 1 ml of 100 ng ml-1 platinum solution (26.7 ng g-1 in 25 ml). The 
samples were dried at 110°0 for approximately 4 hours and digested with 10 ml 
aqua regia and 10 ml hydrofluoric acid. The residue was dissloved in 1 ml aqua 
regia and diluted t6 25 ml with DDW. The samples were prepared in triplicate. 
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Analysis of the solutions gave a value of 25.3 ng ml-1 (94.8% recovery). A sum-
mary of this and two other spike experiments (soil and roadside dust) is given in 
Table 4.7. 
Certified reference materials 
There are currently no vegetation CRMs that are certified for platinum. How-
ever, of the CRMs within the ICP-MS Facility there exists NIST 1571 (Orchard 
Leaves). This material has been assigned a provisional value of 0.6 pg g-1 (stan-
dard deviation 0.6 pg g-1 ) [Los Alamos National Laboratory, 1998]. 
Triplicate samples were prepared (0.250 ±0.005 g) using the above method. 
Data is presented in Table 4.8. The preliminary reference value of 0.6 pg g-1 has 
very poor precision associated with it (0.6 pg g-1 ). Results from this experiment 
did not give a value above the detection limit of 12 ng g-1 . 
4.4.2 Soil and sediment 
Soil samples will be studied in the the platinum uptake study (Section 5.3) 
as will sediment samples, taken from the bottom of a silt trap incorporated in 
a motorway run-off treatment system located alongside the London Orbital M25 
Table 4. 7: Platinum spike recoveries for grass, soil 
and dust using a 100 ng spike (or 26.7 ng g-1 in 
25 ml) 
Matrix n Mean RSD Recovery 
Grass 3 25.3 ng g-1 4.1 94.8% 
Soil 3 27.3 ng g-1 6.2 102.2% 
Roadside dust 3 29.7 ng g-h 7.1 111.2% 
*Average value of 3 spiked dust samples minus average value of 3 unspiked dust samples 
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Table 4.8: Analysis of environmental CRMs for 
platinum 
Material 
NIST 1571 
Orchard Leaves 
NIST 2556 Used 
Auto catalyst (Pellets) 
NIST 2557 Used 
Autocatalyst (Monolith) 
*Preliminary value 
Mean sd Certified value 
<12 ng g-1 0.6 (0.6) pg g-h 
711 pg g-1 36 697.4 (2.3) pg g-1 
1160 pg g-1 50 1131 (11) pg g-1 
motorway (Section 5.5). Both matrices have a relatively high silacious content 
and to this end, the aqua regia / hydrofluoric acid digestion was again employed 
(See Figure 4.3(a)). 
Platinum spike recovery from soil 
Uncontaminated soil samples were ashed in a muffle furnace overnight at 450°C. 
From the resultant ash, three samples (0.150 ±0.005 g) were spiked with 1 ml of 
100ng ml-1 platinum solution giving a concentration of 26.7 ng g-1 in 25 ml. After 
drying at 110oC for approximately 4 hours, they were digested with 10 ml aqua 
regia and 10 ml hydrofluoric acid. The residues were dissloved in 1 ml aqua regia 
and diluted to 25 ml with DDW. Analysis of these samples gave a mean value of 
27.3 ng g-1 or 102.2% recovery. Results are presented in Table 4.7. 
Certified reference materials 
No soil CRMs are currently certified for platinum and of those available in the 
ICP-MS Facility, none have a recommended value. The composition of soil varies 
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enormously [Bowen, 1966] but in an attempt to generalise, large amounts of 
quartz (Si02) may be found on the coarse inorganic fraction and aluminosilicates 
in the colloidal inorganic particles. The ease of digestion is somewhat similar 
to roadside dust and so the CRMs NIST 2556 and 2557 were considered to be 
suitable. 
4.4.3 Road dust 
The high silacious content of roadside dust dictates the need for powerful di-
gestion techniques. Again, the problems associated with sodium suppression from 
alkali fusion methods mentioned in Section 4.3, prohibit the use of this technique 
for large sample numbers. In addition, roadside dust may also contain high levels 
of sodium during winter months as a result of de-icing agent addition. Samples 
of road dust were therefore taken in early autumn so that sodium would not be 
thought to present non-spectroscopic interference difficulties. The road dust sam-
ples were submitted to two different digestion procedures; closed vessel microwave 
and open vessel digestion. 
Open vessel digestion 
Dust samples of mass 0.150 ±0.005 g were weighed into 50 ml polypropylene 
squat beakers to which a 10 ml portion of aqua regia and 10 ml of hydrofluoric 
acid was added. After addition of the acids, the vessels were heated to incipient 
dryness over a hot water bath, a process that took in the order of 3-4 hours. 
When using the aqua regia / hydrofluoric acid mixture, a problem was en-
countered. After the digestion procedure, a ring of undigested material was found 
to have adhered to the wall of the squat beaker. This was observed to be most 
prevelent with dusts of a fine particle size, typically less that 75 vm. As aqua 
regia was added to the beaker, the chlorine and nitrosyl chloride gases escaping 
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from the acid carried the sample to the surface of the acid mixture and thereafter 
depositing the material on the walls of the vessel. Attempts were made to 'wet' 
the dust prior to addition of the aqua regia but this failed to hydrate the material 
which again floated on the surface of the added water. After digestion with aqua 
regia and hydrofluoric acid, a ring of material was again seen. 
Aqua regia was therefore deemed unsuitable for digestion of fine dusts and the 
procedure was repeated with nitric acid in place of aqua regia. This combination 
was found to be much more suitable. After digestion and evapouration, 10 ml aqua 
regia was added to the squat beaker and again evapourated to incipient dryness. 
The process is summarised in Figure 4.3(b). 
Microwave digestion 
Approxhnately 0.150 ±0.005 g of dust was weighed into PTFE digestion ves-
sels. 10 ml nitric acid was added followed by 10 ml hydrofluoric acid. The samples 
were then subjected to the digestion procedure detailed in Table 4.1. 
As with previous methods, it was decided not to use aqua regia in the initial 
digestion stage due to flotation of particulate matter on the surface of the liquid 
n1ixture. 
Platinum spike recovery from roadside dust 
Unlike vegetation and soil, an uncontaminated roadside dust cannot be ob-
tained or prepared. Therefore, two types of material were used for this experiment; 
a roadside dust, and a spiked version of the same material. As before, triplicate 
samples were prepared. After analysis, the mean value for the unspiked sample 
was subtracted from the spiked sample value. The calculated value was found to 
be 29.7 ±2.1 ng mi-1. This value is 11.4% higher than would be expected. The 
reason may attributed to the high% RSD found in the unspiked sample (223 ±272 
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ng ml-1) most likely due to inhomogenous platinum distribution. Results are given 
in Table 4.7 
Certified reference materials 
As with the vegetation, soil and sediment matrices, no roadside dust CRMs 
exist. The breakdown of catalytic converters causes emission of the monolith 
material in exhaust gases and hence deposition onto the roadside verge. Wear-and-
tear of the road surface will release further small particles containing refractory 
elements. The physical makeup of roadside dust justifies the use of NIST 2556 and 
2557 (Used Autocatalyst) as suitable CRMs. Again, data for these two materials 
is shown in Table 4.8. Reference values can be found in Table 3.3, Section 3.5. 
4.5 Stability of Digested Samples 
Once a sample has been digested and diluted to a concentration of 4% aqua 
regia (as used in this work), it should be stored appropriately and analysed as soon 
as possible. The borosilicate glass found in most volumetric flasks will, over time, 
permit absorption of ions into its crystal lattice. Some elements are more prone 
to this phenomenon than others, gold being one such element [Williams, 1996]. 
In order to establish the conditions under which platinum will both remain in 
and be lost from solution, four solutions were prepared, each stored under different 
conditions. The solutions contained 50 ng mi-1 platinum, a concentration that is 
likely to be seen in environmental samples. Acid-washed polyethylene bottles were 
used to store the solutions rather than glass. The matrix and storage conditions 
were: 
(1) 5% aqua regia stored in the refrigerator, 
(2) 5% aqua regia stored at room temperature, 
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(3) 5% DDW stored in the refrigerator, and 
( 4) 5% DDW stored at room temperature. 
Prior to each daily analysis, a 100 ng ml-1 solution of iridium was prepared 
and nebulised simultaneously with each of the test solutions through use of a 
'T-piece't. 
Figure 4.5 gives a representation of how platinum is 'lost' from solution over 
a period of 14 days. Only a minimal reduction ( rv 3.8%) in platinum signal is 
seen over the duration of the experiment from the aqua regia matrix kept in a 
refrigerator. When compared to a DDW matrix kept at room temperature, the 
loss is dramatic with a signal decrease of up to 41%. It is advised that once a 
digested solution has been diluted in readiness for analysis, it should introduced 
into the Q-ICP-MS instrument as soon as possible, typically within 3 days. Storage 
of samples in a refrigerator at approximately 4oC in a matrix of 5% aqua regia is 
strongly recommended. 
4.6 Polyatomic Interference from Hafnium 
Oxide 
Platinum analysis by Q-ICP-MS can be hampered by the presence of hafnium 
in the sample matrix which can be found in the monolith material. Hafnium 
oxide forms polyatomic ions on all but one platinum isotope, this being 198 Pt+ 
(Table 3.2). It should be noted that it is the 198Pt+ isotope that is free of the 
hafniu1n oxide interference and not the 192Pt+ isotope as described in the work 
of Lustig et al. [1997)§. However, the low natural abundance (7.2%) of this 
tThis technique is known as on-line internal standard addition and negates the need for 
individual sample spiking. It is of particular use when having to spike a large number of samples 
with several internal standards and yields a more reproducible internal standard concentration. 
The drawback is a factor of two increase of the detection limit. 
§192Pt+ is subject to interference from 196 Hf160+. 
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different matrix and storage conditions over time 
16 
isotope makes it unsuitable for low level platinum determination. Therefore, in 
order to obtain accurate platinum values, the hafnium oxide interference must be 
considered and accounted for. 
In Figure 4.6, a mass spectrum scan gives a graphical representation of the 
formation of 179Hf160+ from a 1000 ng ml- 1 hafnium solution. The inset highlights 
the formation of the oxide and its significant contribution to the 194-195 mass 
region. 
When considering the problem of hafnium oxide, there are two main options 
available. The first , chemical separation and the second, mathematical correction. 
chemical separation: commonly used in techniques such as N AA to remove 
elements that would result in spectral overlap or matrix interference (through 
contribution to the radioactivity of the [-backgroud signal) of the element 
- .. . - --------------------------.. 
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Figure 4.6: Enhancement of the 195Pt+ signal by 
formation of 179Hf16Q+ 
of interest. This technique has been used as a co-precipitation to collect 
PGEs with tellurium [Jackson et al., 1990; Sun et al., 1993). These 
procedures are time-consuming though, taking several hours and therefore 
not suitable to large sample numbers. 
mathematical correction: a quicker method than the first and also not prone 
to analyte loss and contamination. The contribution from the interference is 
corrected for by the monitoring of another isotope of the interferent element 
and applying a correction factor. 
4.6.1 Methods of mathematical correction 
Methods of mathematic correction for this interference have been proposed and 
utilised. Lustig et al. [1997] applied the correction given in Equation 4.4 where 
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a (the correction factor) is given in Equation 4.5. Parent et al. [1997] suggested 
two methods of mathematical correction for the HfO+ interference. The first uses 
the 179Hf16Q+ / 179Hf+ ratio according to Equation 4.6 and the second via standard 
addition of hafnium according to Equation 4. 7. This correction (Equation 4. 7) can 
be improved by using the oxide ratio of a reference element to correct for possible 
changes in the HfQ+ /Hf+ ratio; shown in Equation 4.8. 
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[195pt+]r = [195pt+]i _ a X [179Hf+] (4.4) 
a _ _ Hf + ＭＭＺＺＭ］ｈｾｦ＠ ｾＭＭＭＭＭ
1 ( PtlOOppt(Pt) - PtlOOppt{Pt) PtOppt - PtOppt{Pt) ) 
- 2 HflOOppt(Pt) - HflOOppt{Pt) HfOppt(Pt) - HfOppt(Pt) (4.5) 
a 
[179Hf+] 
PtlOOppt(Pt) 
Hf 
PtlOOppt(Pt) 
HflOOppt(Pt) 
Hf 
HflOOppt(Pt) 
tptOppt(Pt) 
Hf 
*PtOppt(Pt) 
*Hf?.ppt(Pt) 
Hf 
*Hf>PPt(Pt) 
Hf Hf 
correct, not interfered 195Pt+ value 
170Hf16Q+ -interfered 195Pt+ value 
correction factor 
Hf value in sample 
195Pt+ value of 100 ppt* Pt standard with defined Hf concentration 
195Pt+ value of 100 ppt Pt standard 
179Hf+ value of 100 ppt Pt standard with defined Hf concentration 
179Hf+ blank value of 100 ppt Pt standard 
195Pt+ value of blank with defined Hf concentration 
195Pt+ value of blank 
179Hf+ value of blank with defined Hf concentration 
179Hf+ value of blank 
*ppt = pg ml-1 
tThese terms not described in the literature. They have been included here for clarity. 
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Ipt = IPt,s- (IHr,sRHro) (4.6) 
I _ I _ CHr,s(IPt+Hf,s - IPt,s) 
Pt- Pt,s C 
Hf,a 
(4.7) 
lpt corrected Pt signal 
IPt,s Pt signal for sample solution 
IHr,s Hf signal in sample solution 
RHro previously determined HfO+ /Hf+ ratio 
lpt + Hf,s Pt signal in Hf added solution 
CHr,s Hf concentration in sample solution 
CHf a added Hf concentration 
' 
(4.8) 
Rzro,s Zro+ /Zr+ ratio in sample solution 
Rzro ZrO+ /Zr+ ratio in standard solution 
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4.6.2 Evaluation of correction methods 
An evaluation of each of these mathematical correction methods was conducted 
in order to establish both their reliability and necessity. Prior to assessment, 
two experiments were conducted to determine the stability of the hafnium oxide 
interference formation during both a typical analysis period and from day-to-day. 
long-term stability: a 1000 ng ml-1 hafnium solution was continuously aspi-
rated over a period of six hours with measurements taken every 20 minutes. 
Internal standardisation was achieved by addition of a 100 ng ml-1 terbium 
solution and monitoring of the 159Tb+ isotope,, Excellent stability was seen 
with a % RSD of 2.9 over the analysis period covering 20-360 minutes (Fig-
ure 4.7(a)). The value for 0 minutes was observed to be an outlying point, 
increasing the % RSD up to 5.7. As discussed in the previous chapter, this 
is probably due to insufficient vacuum in the instrumentation and so not 
considered in calculations. 
day-to-day stability: a 1000 ng mi-1 hafnium solution was analysed each day 
for a total of seven days. Figure 4.7(b) plots the data (average of 3 measure-
ments) over this time period. Clearly, the hafnium I hafnium oxide ratio is 
not reproducible between sample runs as is shown by the high% RSD of 48. 
Results from the first experiment show that oxide formation remains constant 
during a long-term analysis period covering six hours. This means that each plat-
inum determination can be corrected from a single hafnium I hafnium oxide ratio 
measurement. Day-to-day stability measurements however clearly demonstrate 
that different instrument and laboratory environment conditions cause a signif-
icant change in the oxide formation. This dictates that the hafnium I hafnium 
oxide ratio must be determined for each sample run. 
ｾｔ･ｲ｢ｩｵｭ＠ was established as the most suitable internal standard for hafnium analysis following 
an experiment conducted in accordance with Section 3.6.4. Other potential internal standards 
included 165Ho+ and 181Ta+. 
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First method of Parent et al. [1997] 
A solution containing 20 ng ml-1 platinum and 50 ng ml-1 was prepared and 
analysed for 179Hf+ and 195Pt+. A further solution containing 50 ng mi-1 hafnium 
only was also prepared and again the 179Hf+ and 195Pt+ (179Hf160+) isotopes 
were measured. The corrected platinum value was found to be very close to the 
uncorrected value (less than 1%) as would be expected. Table 4.9 summarises the 
data from each of the three correction procedures. 
Table 4.9: Comparison of 3 mathematical correction 
procedures for hafnium oxide - 20 ng ml-1 (Parent) 
and 100 ng ml-1 (Lustig) platinum 
Method Solution 1 Solution 2 Uncorrected Corrected 
(Hf) ng ml-1 (Hf] ng ml-1 (Pt] ng ml-1 [Pt] ng ml-1 
No correction 50 19.44 
Parent 1 * 50 19.43 19.24 
Parent 2* 50 1000 20.92 19.46 
Lustig 1 t 100 100 95.40 92.50 
*[Parent et al., 1997] 
f[Lustig et al., 1997] 
Second method of Parent et al. [1997] 
Two solutions were prepared. The first contained 20 ng ml-1 platinum and 
50 ng mi-1 hafnium, the second 20 ng ml-1 platinum and 1000 ng ml-1 hafnium. 
The difference in the two platinum signals (due to enhancement from hafnium), 
enables the contribution from hafnium to be calculated. The enhancement from 
hafnium oxide amounted to 6.9% 
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Method of Lustig et al. [1997] 
Four solutions were prepared as follows: 
(1) 100 ng ml-1 platinum and 100 ng ml-1 hafnium, 
(2) 100 ng ml-1 platinum, and 
(3) 100 ng ml-1 hafnium. 
Again, measurement of the 179Hf+ and 195Pt+ isotopes permits calculation of 
the contribution from hafnium oxide. A total of 10 measured values are required 
to be input into this method of correction which has an increased chance of error 
when performing the calculation. This method gave a platinum enhancement of 
3.1% 
An important point arises from this method which concerns the choice of in-
ternal standard. It has already been shown in this work that iridium is the most 
suitable element for use as an internal standard (Section 3.6.4) using the 191 Ir+ 
isotope. The 193Ir+ isotope has been used which is itself subject to hafnium oxide 
interference from 177Hf160+. The accuracy of results using this correction must 
be questioned and it is recommended that either the 191 Ir+ isotope be used or else 
the 193Ir+ isotope be corrected in a similar manner to the 195Pt+ (Equation 4.9). 
(4.9) 
If both corrections are used, the task of data processing will increase signifi-
cantly. 
The third method proposed by Parent et al. [1997] (Equation 4.8) requires 
the addition of a further reference element (in this case Zr) for which oxide ratios 
are measured to correct for any change in the hafnium I hafnium oxide ratio. The 
work performed at the start of this section showed long-term hafnium I hafnium 
138 METHOD DEVELOPMENT FOR PLATINUM DETERMINATION 
oxide ratios remained constant over a period of 6 hours and therefore correction 
using the zr+ /ZrO+ is not required. A modification can therefore be made to the 
RHro term in the first method of Parent et al. [1997]. It is calculated from a 
number of solutions containing different hafnium concentrations as opposed to a 
single measurement as used in the first method of Parent et al. [1997]. 
4.6.3 Reduction of the interference 
By minimising oxide formation, the contribution of hafnium oxide to the to-
tal platinum signal count can be reduced. It has already been mentioned (Sec-
tion 3.2.1) that cooling of the spray chamber reduces the formation of condensed-
phase interferences. Two experiments were conducted to confirm this effect at 25°0 
and-2°0 (a spray chamber temperature of-2°0 was recommended in Section 3.6.5). 
Solutions of concentration 2, 5, 10, 20, 50, 100, 200, 500, 2000 ng ml-1 hafnium 
were analysed by Q-IOP-MS, monitoring both the 179Hf+ and 195Pt+ (179Hf160+) 
isotopes. Internal standardisation was achieved through monitoring the 159Tb+ 
isotope, chosen for its suitability to hafnium analysis. Figure 4.8 clearly demon-
strates both the linearity of hafnium over the concentration range and the increase 
of oxide formation with increasing hafnium concentration. 
As expected, it was noticed that ratio of 179Hf+ to 179Hf160+ was significantly 
higher in the uncooled spray chamber experiment (Figure 4.9). Signal counts for 
179Hf+ were a factor of 82 higher than those of 179Hf160+ at-2°0. This compares 
with a factor of only 8 at 25°0 highlighting the significant reduction obtained 
through cooling. 
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4.6.4 Memory effects of hafnium 
The previous section dealt with the mathematical correction required to com-
pensate for the presence of hafnium in platinum analysis. It was decided to inves-
tigate if a memory problem, like that seen with other 'sticky' elements, such as 
silver, gold and iodine existed. Analysis of a 100 ng ml-1 hafnium solution showed 
there to be a considerable problem with memory effects. Despite washing through 
with 5% AR for a period of 30 minutes, the 179Hf+ signal only reduced from 2 x 
105 to 4 x 103 counts per second (cps). 
Hafnium is resistant to all mineral acids with the exception of hydrofluoric 
acid. The use of this acid is not recommended though, even in dilute form, due to 
its glass etching abilities. It was necessary therefore to find an alternative washout 
solution. A number of alkalis were investigated including NaOH and TMAH (tetra-
methyl ammonium hydroxide). 1% NaOH proved to have little effect in further 
reduction of the 179Hf+ signal. A solution of 5% TMAH, aspirated for a period of 
3 minutes, followed by 2 minutes of 5% aqua regia brought the background down 
to approximately 800 cps. 
4. 7 Recommended Analysis Procedure 
As a result of the method development work undertaken, some modifications 
are required for the analysis of platinum in environmental samples. Following the 
appropriate digestion procedure for the matrix in question, the analysis procedure 
can be summarised as follows: 
internal standardisation each sample solution to be spiked with 100 ng ml-1 
iridium and terbium. 
calibration standards: matrix-matched platinum standards ( rv4% aqua regia) 
of 1, 2, 5, 10, 50 and 100 ng mi-1 freshly prepared on the day of analysis 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＧＭＭＭＭＭＭＧＭＭ ＭＭＭＭＭ ＭＭＭＭ - - -- - - -
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(adapted as necessary to a suitable range depending on platinum concen-
tration of samples). Each standard spiked with 100 ng ml-1 iridium and 
terbium internal standards. Further standards containing 5, 10, 50, 100 and 
500 ng ml-1 hafnium were also prepared and again spiked with 100 ng mi-1 
iridiu1n and terbium. 
isotope selection: the 159Tb +, 179Hf+, 191 Ir+ and 195Pt+ isotopes were monitored 
using the scan parameters from Section 3.6.11. 
wash-out: to remove traces of hafnium and platinum from the instrument, two 
wash solutions were used in series; 5% TMAH for a period of 5 minutes 
followed by 5% aqua regia aspirated for 2 minutes. 
sample spikes: all samples spiked with 100 ng ml-1 terbium and iridium as 
internal standards. 
procedure: samples analysed as follows: 
(1) Platinum calibration standards, corrected using iridium. 
(2) For all samples, iridium is used to correct platinum values, terbium to 
correct hafnium values, and 
(3) Finally, hafnium calibration standards analysed and corrected using 
terbium. 
4.7.1 Analysis of certified reference materials using the 
recommended procedure 
As a result of the findings in Section 4.7, a number of CRMs were analysed in 
accordance with the recommended analysis procedure. 
The CRMs NIST 2556, NIST 2557, SARM 7, PTM la and PTC 1a were 
digested by open vessel acid digestion (aqua regia/ hydrofluoric acid) in triplicate. 
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Results are given in Table 4.10. Good recoveries were seen for both NIST 2556 
and 2557 with mean values at 97.6% and 95.9% of the certified values. Relative 
standard deviations of 6% and 3% show relatively good precision. The three 
geological materials, SARM 7, PTM 1a and PTC 1a, show poorer precision with 
their higher RSDs of 19.9%, 20.7% and 46.6% than the other two materials. Mean 
values are 81.3%, 104.7% and 83.8% of the certified values respectively. Again, 
inhomogenous platinum distribution at the sample mass digested is the most likely 
explanation. 
Table 4.10: Analysis of environmental CRMs for 
platinum using the recommended analysis 
procedure 
Material Mean sd RSD Certified value 
NIST 2556 681 38 6 697.4 (2.3) pg g-1 
NIST 2557 1085 32 3 1131 (11) pg g-l 
SARM 7 3.04 0.60 19.74 3.74 (0.045) pg g-1 
PTM 1a 7.65 1.58 20.65 7.31 (0.21) pg g-1 
PTC 1a 2.28 1.06 46.49 2.72 (0.11) pg g-1 
4.8 'In-house' Reference Sample 
As mentioned previously, certified reference materials are used to evaluate the 
accuracy of analytical results. The only CRMs suited to environmental platinum 
analysis are NIST 2556 (Used.Autocatalyst- Pellet)ll and 2557 (Used Autocatalyst 
- Monolith). Other CRMs certified for platinum do exist, although they tend to 
be of a geological nature (e.g. SARM 7, PTC 1a, PTM la, WMG-1). CRMs 
IlSee Table 3.3 
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provide an excellent source of reference, although not infallible, but their use can 
be cost-prohibitive. 
In-house reference samples offer an inexpensive addition to the analytical 
chemists toolbox. These are materials that have not been certified by an appro-
priate body, yet by repeated analysis, by one or more techniques, can be assigned 
an indicative value. 
4.8.1 Preparation of 'in-house' reference sample 
An in-house reference sample was developed as part of this work. The source 
was a used monolith-type catalytic (obtained from Solomon Motors, Lightwater, 
Surrey) converter and was prepared as follows: 
(1) catalyst removed from metal housing, 
(2) packing material removed from outside of monolith, 
(3) both sections of catalyst crushed to smaller pieces (approx. 10 cm3), 
( 4) small pieces crushed to a powder in a ball mill, 
(5) powder sieved to give particles of< 75 pm. 
Approximately 500 g of material was produced and named 'Surrey Used Cat-
alytic Converter- 1' (SUCC-1). Evaluation of the material was then commenced 
and the results summarised in Table 4.11. 
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Table 4.11: Characterisation of SUCC-1 
Number Platinum p.g g-1 mean sd %RSD 
ICP-MS - Surrey 
1 3588 
2 3553 
3 3523 
4 3697 
5 3980 
6 3433 
3629 192 5 
AAS- Surrey 
7 3788 
8 3885 
9 3584 
10 3758 
11 3790 
12 3621 
13 3475 
14 3346 
15 3360 
16 3483 
17 3397 
18 3476 
3580 186 5 
ICP-MS- Norway 
19 3627 
20 3449 
21 3445 
----- ------------------ ----- - - - ----- --- -- -- --- - -- . - -
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Table 4.11: Characterisation of SUCC-1 - cont. 
Number Platinum pg g-1 mean sd %RSD 
22 3421 
23 3511 
24 3314 
3461 104 3 
All methods 
3563 176. 5 
4.8.2 Validation of the 'in-house' reference sample 
From the work performed on both dust samples and the two catalytic converter 
CRMs (NIST 2556 and 2557), the nitric acid I hydrofluoric acid I aqua regia open 
vessel digestion procedure was followed. Six replicate samples of SUCC-1 were 
prepared in this way and analysed by Q-ICP-MS. 
The material was also subjected to analysis by an inter-method comparison 
using FAAS at the University of Surrey and inter-laboratory comparison using 
Q-ICP-MS at the Agricultural University of Norway. 
Inter-method comparison of the 'in-house' reference sample 
A further 12 replicate samples were digested using the aqua regia I hydrofluoric 
acid digestion method. Standards containing 10, 20, 50, 100 and 150 pg ml-1 plat-
inum in 5% aqua regia were prepared and used to calibrate the Perkin Elmer 5000 
AAS. Each absorbance reading was taken 3 times and averaged. The calibration 
curve was shown to be linear for platinum over the working range (Figure 4.10). 
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Figure 4.10: Calibration curve for platinum analysis 
byAAS 
Inter-laboratory comparison of the 'in-house' reference sample 
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Analysis was conducted at the Institute for Chemistry and Biotechnology, Agri-
cultural University of Norway, As, using a Perkin Elmer Elan 6000 Q-ICP-MS 
machine fitted with a cross-flow nebuliser. Six samples were prepared at the Uni-
versity of Surrey and shipped to Norway for this analysis. 
Through the use of the F-test and Student's t-test, the data from each method 
was compared to see if any significant difference exists between the three sets of 
results. From the data given in Table 4.12, all values of IF I calc. and It I calc. 
were found to be less than the relevant critical values. Therefore, no difference 
exists between the methods and a preliminary value of 3563 11g g-1 (176 sd, range 
3314-3980, 5% RSD) can be assigned to the reference sample, based on 24 samples. 
148 METHOD DEVELOPMENT FOR PLATINUM DETERMINATION 
Table 4.12: F-test and Student's t-test values for 
in-house reference sample SUCC-1 
Test 
F 
Stud. t-test 
IFI crit 
It! crit 
Q-ICP-MS Surrey 
vs AAS Surrey 
1.07 
0.52 
3.438 
2.12 
4.9 Summary 
Q-ICP-MS Norway 
vs Q-ICP-MS Surrey 
3.45 
1.88 
1.146 
2.23 
Q-ICP-MS Norway 
vs AAS Surrey 
3.23 
1.44 
3.438 
2.12 
Initial investigations into sample digestion procedures have been presented. 
The alkali fusion method of digestion proved to be most troublesome with solid 
deposition on the instrument cones causing premature shutdown and a large degree 
of signal suppression. This was due to the high levels of sodium and dissolved solids 
within the diluted sample solutions. Geological and environmental (vegetation and 
soil) samples were most effectively digested using the aqua regia / hydrofluoric 
acid open vessel digestion. Whilst aqua regia is known to be the only mineral acid 
mixture capable or platinum dissolution, the inherent problems associated with its 
physical properties, namely ineffective 'wetting' of the roadside dust sample have 
been observed. A mixture of nitric and hydrofluoric acids followed by an addition 
of aqua regia is considered the most suitable medium for digestion of such samples. 
The problems of polyatomic interference where the 179Hf160+ polyatomic can 
enhance the signal from 195Pt+ have also been addressed. Cooling of the spray 
chamber to -2°C reduces the 179Hf16Q+ / 179Hf+ ratio and mathematical correction 
can be applied. The first method of Parent et al. [1997] has been evaluated as 
most suitable for this work with a modification being made to the RHro term, as 
given in Equation 6.1. Internal standardisation for hafnium was achieved through 
-------------- -- --- -
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monitoring of the 159Tb+ isotope. 
Finally, the preparation and characterisation of an in-house reference sample 
has been undertaken. This sample is a valuable addition to current and future en-
vironmental platinum determination. Through inter-method and inter-laboratory 
analysis and after statistical analysis, the material has been assigned a prelimi-
nary value of 3563 p.g g-1 (5% RSD). SUCC-1 was then used further platinum 
determinations, both as a reference sample. and HIS a so'tlrce of platiRum iR plaRt 
ttptakc experimeH:ts (Chapter 5). 
- - - - -- - ------- - ------------------- --- - -

Chapter 5 
Platinum in a Motorway 
Environment 
"Education's purpose is to replace an empty mind with an open one." 
Malcolm S. Forbes 
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5.1 Introduction 
As the amount of platinum emitted into the environment increases, concern 
grows over the potential for this metal to accumulate in plants and hence enter 
the food chain. It has been shown that platinum compounds in road dust are 
partially water soluble [Alt et al., 1993; Wei & Morrison, 1994; Nachtigall 
et al., 1996; Lustig et al., 1998] and discharge from hospitals involved in 
platinum-based drug therapy a high as 3500 pg ml-1 [Kiimmerer et al., 1999]. 
For foodstuffs grown in platinum contaminated soil, levels up to 1 ng g-1 can be 
observed, up taken from the soil in which they have grown [Lustig et al., 1997]. 
A study investigating platinum-containing Ab03 particles in rat lungs showed 
that platinum could be seen in almost all organs and blood. The effects however, 
are yet to be established [Verstraete et al., 1998]. 
5.2 Motor Vehicles as a Source of Heavy Metal 
Pollution 
In an environment such as a road system, the major source of potential plat-
inum pollution is from the catalytic converters of motor vehicles. Platinum is 
a relatively new concern although to date much work has been done on other 
elements. Perhaps the most studied element is lead with contamination arising 
directly from the combustion of petrol. The anti-knocking agents, tetra-methyl 
and tetra-ethyllead have been added to petrol since the 1920s with levels being 
found in motorway soils of up to 3600 pg g-1. This is a major concern since lead 
can be transferred through the food chain into the human body where it can be 
readily absorbed. 
Lead is not the only heavy metal to be deposited from motor vehicles. Other 
metals present in vehicle components can find their way into the environment, 
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typically from wear-and-tear during normal operation. Examples are given in 
Table 5.1. 
Table 5.1: Motor vehicles as sources of heavy metals 
[Rayson, 1990] 
Vehicle Part Element Source of Emission 
Gearbox Pb,Cu,Zn Deposition* 
Lubricating oil V, Zn, Mo, Cd, Cu Deposition 
Bearings Pb,Cu Deposition* 
Clutch Cu Deposition* 
Cylinder bore Ni, Fe Deposition* 
Valve gear Ni, Cr, Cu Deposition* 
Piston Rings Ni, Cr Deposition* 
Brakes Zn, Cu Wear and Tear 
Bodywork Fe, AI, Zn, Ni, Cu Wear and Tear 
Tyres Zn, Cd Wear and Tear 
Welding V, Fe, Ni Wear and Tear 
Chromium plating Cr, Ni, Cu Wear and Tear 
Fuel emissions Mn, Cd, Ni, Pb, Zn Exhaust 
* from discreet deposition of oil and other engine lubricants 
directly onto the surface of the motorway 
5.3 Uptake of Platinum by Common Rye Grass 
In order to establish whether platinum can be uptaken'by plants, an experiment 
was performed whereby common rye grass, Lolium perenne, was treated with two 
platinum containing matrices: 
(1) CRM NIST 2557 Used Auto Catalyst (Monolith), 
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(2) an aqueous solution containing 0.5 pg ml- 1 platinum, lead and cadmium. 
In addition, a blank solution containing only distilled deionised water (50 ml) 
was prepared. In order to simulate natural growing conditions as closely as possi-
ble, the grass samples were grown outdoors where they could experience natural 
light and temperature variation. 
5.3.1 Reagents 
The medium used for growing the vegetation, was a commercial compost 
(B&Q). The grass seed came as a lawn patch pack (B&Q) containing common 
rye grass (Lolium perenne). The water used during the experiment was DDW (> 
18 MO cm-1 ). An elemental solution was prepared from Aristar plasma emission 
standards (BDH) which was then added to the second tray. The form of each 
element in these source standards was Pt in HCl, PbN03 in HN03 and Cd in 
HN03. 
5.3.2 Sample protocol 
Into a lined* 40 x 22 em seed tray was added approximately 750 g of compost. 
Onto the surface of the compost was sown approximately 2 g of grass seed. An 
additional 20 g of compost was finely spread over the grass seed. The compost 
was then watered with 500 ml of DDW. Prior to treatment with the platinum 
containing matrices, the grass samples were allowed to grow and establish over a 
period of two weeks to minimise any potential effects upon germination. 
Each day, the trays were rotated through 90 degrees in order to yield an even 
covering of grass and minimise phototrophic effects. Clear plastic lids were placed 
on top of the trays with the vents taped closed to avoid loss of moisture. Figures 5.1 
and 5.2 show ·setup used for the platinum uptake study. 
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Figure 5.1: Grass growing setup 
After two weeks, the two platinum-containing matrices were added to two of 
the trays. To the third tray was added the blank solution. Upon addition of the 
CRM in its powdered form, a further 50 ml DDW was added for continuity. 
After a further six weeks, grass leaves were collected from each tray. This was 
accomplished by cutting the blades of grass with clean acid-washed scissors as 
close to the surface of the substrate as possible. The cuttings were transferred to 
clean plastic bags sealed to prevent moisture loss. The grass roots were separated 
from the bulk of the substrate, air-blasted to remove any substrate particles and 
placed in clean plastic bags, as was the substrate. The leaves, roots and substrate 
fresh weights were all measured and recorded. 
*Tray lined with aluminium foil to prevent drainage 
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Figure 5.2: Grass growing setup - closeup 
5.3.3 Sample preparation 
In order to establish the platinum content of the grass without contribution 
from any platinum that may have adhered to the leaf surfaces, a washing procedure 
was carried out. Each grass leaves sample was transferred to a clean glass beaker 
to which 20 ml DDW was added. The beaker was then gently swirled and the 
water decanted off. A further 20 ml portion of DDW was added and the process 
repeated. The grass was then oven dried overnight ( rv 12 h) at 60oC before being 
weighed, placed into glass beakers and ashed at 450oC for 4 hours. Again, the ashed 
samples were weighed. Digestion according to Section 4.4.1 was then undertaken. 
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The grass roots were also washed as previously described for the leaves and sub-
sequently dried, ashed and digested. The compost was dried, ashed and digested 
only (no washing step). 
5.3.4 Analysis 
Duplicate samples were analysed by ICP-MS. In addition to the platinum cal-
ibration standards, three hafnium containing standards of concentrations 10, 20 
and 50 ng ml-1, were prepared. The reason for using separate standards as op-
posed to the more usual multi-element standard is that of polyatomic interference 
from 179Hf160+ causing signal enhancement on the 195Pt+ isotope. Correction for 
interference from hafnium oxide was made as previously described (Section 4. 7). 
5.3.5 Results and discussion 
In Table 5.2, the concentration of platinum found in the roots and leaves of 
the ryegrass, in addition to that found in the substrate, is given for the blank 
samples and those treated with crushed CRM material or platinum-containing 
solution. These data are represented as percentage distribution of the recovered 
platinum in substrate, roots and leaves (Figure 5.3) . It can be seen that for 
both of the platinum-containing matrices (CRM and solution), the· majority of 
platinum is found in the substrate in which the grass was grown (93.9% and 
80.3% respectively). To contrast, 5.0% of platinum was mobilised into the grass 
roots in the CRM treated samples and 17.6% platinum in the roots of the solution-
treated sample. Similarly, only 1.1% and 2.2% platinum was found in the leaves 
for the respective plant ｾｲＮ･｡ｴｾ･ｮｴｳＮ＠ This demonstrates, as would be expected, ｾ＿＠ :tw.J", ?·') , 1 
that platinum in a liquid form is· more readily up taken by grass than that from a 
ＧＢＧｯｴｽＮＤａｩｦＮｬｬｩＧｾ ﾷ ﾷｬＧﾷｾｾ＠ .. ＢＧＧｾＢＧ＠
solid (dust) form. 
From the amount of added platinum in this investigation, good recoveries were 
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Table 5.2: Uptake of platinum by grass 
Matrix Leaves pg Roots pg Substrate pg 
mean (%RSD) mean (%RSD) mean (%RSD) 
Converter 8.43 (3.3) 39.6 (10.8) 738 (8) 
Solution 0.36 (1.04) 2.91 (8.75) 13.3 (12.2) 
Blank 0.04 (46.9) 0.18 (124) 1.14 (168) 
observed with 70.3% of the platinum added from the CRM and 66.3% from the 
solution being found (Tables 5.3 and 5.4). 
Comparisons can be made with literature values for similar experiments. Lustig 
et al. [1997] found foodstuffs (onion, maize, potato, radish and broad bean) to 
uptake up to 0.6% of the total added platinum. Tunnel dust was the source of 
the added platinum in this experiment with a total added platinum content of 
60 pg. Verstraete et al. [1998] showed that the leaves of rye grass (Lolium 
perenne) could uptake up to 3.2% of the 50 mg of platinum supplied as a solution 
of (Pt(NH3 ) 4](N03 )2. Unfortunately, this experiment did not consider the addi-
tion of a solid platinum-containing matrix. Both experiments give results in the 
same range as those obtained in this work. 
Table 5.3: Platinum added during grass uptake 
experiment 
Matrix 
CRM 
Solution 
Concentration Mass/Volume Platinum added 
1131 pg g-1 
0.5 pg ml-1 
0.9887 g 
50 ml 
1118.22 pg 
25 pg 
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Despite the obvious benefits of catalytic converters in the reduction of toxic 
gaseous pollutants, there is a very real concern in the amount of precious metals 
that are being deposited on road surfaces. 
The breakdown of catalytic converters is mainly attributed to thermal and me-
chanical attrition during normal vehicle operation. In a situation where there is 
frequent 'stop-start' like behaviour, catalytic converters are subjected to large tem-
perature gradients which aids the breakdown process. Figures 5.4(a) and 5.4(b) 
show the state of the monolith both before and after use. As the number of ve-
hicles fitted with these devices increases year by year, levels of platinum in the 
environment are also expected to rise. 
There has been a moderate amount of work done concerning platinum levels 
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Table 5.4: Platinum recovery from plant uptake 
experiment (leaves, roots and compost) 
Matrix Found Added 
CRM 786.03 pg 1118.2 pg 
Solution 16.57 pg 
%Recovery 
70.3 
66.3 
alongside main road systems. For Europe, it is mostly the road systems of Ger-
many that have been studied [Konig et al., 1992; Messerschmidt et al., 1992; 
Nachtigall et al., 1996; Parent et al., 1996; Schafer & Puchelt, 1998]. 
Results for emissions vary between several ng to pg of platinum per kilometre 
driven. Road dusts in Goteborg, Sweden are found at the lower end of the scale 
[Wei & Morrison, 1994]. 
For road systems in the USA, platinum concentrations are ･ｸｰ･｣ｾ､＠ to be much 
higher than those in Europe. The reasons for this are two-fold. First;t{ntroduction 
of catalysts occurred some 10 years prior to introduction in Germany and 18 years 
before mandatory introduction in Britain. In general, such devices have now been 
used for around 25 years, therefore, values would be expected to be significantly 
higher. Secondly, the pelleted catalyst (as mentioned in Section 1.5) which was 
only used in the USA, emitted 2-3 times more platinum than the monolith form 
[Farago et al., 1996]. 
To date, the only publication to deal with a British road system is that 
of Farago et al. [1996]. This covered a section of the A3 trunk road in the 
Greater London Boroughs of Richmond and Kingston. Platinum values of up to 
32.7 ng g-1 were observed. Soils taken form the same area showed considerably 
less platinum, up to 6.35 ng g-1. 
In addition to the work performed concerning total platinum content of envi-
ronmental matrices, a number of studies have evaluated emission rates of platinum. 
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Data is presented as amount of platinum emitted per distance traveled. Two such 
experiments performed are summarised in Table 5.5. 
Table 5.5: Platinum emission rates [Helmers, 1997] 
Emission source Rate (p.gPt km-1) Details Reference 
Test stand 0.002-0.078 exhaust [Konig et al., 1992] 
investigated 
US pellet catalyst 1-2 not used [Hodge & Stallard, 1986] 
in Europe 
For this work, samples of road dust were taken from along a section of the Lon-
don Orbital M25 motorway. This is one of the busiest motorways in Great Britain 
with traffic densities of 85 000 - 170 000 vehicles per day. The area investigated 
is shown in Figure 5.5 and encompasses some of the most frequently used junc-
tions. During periods of peak traffic flow, typically during the diurnal rush-hours, 
vehicle speeds are around 40 mph and can reduce almost to a standstill (clockwise 
carriageway between junctions 10 and 13). Sample sites from the other sections 
of the M25 could not be studied as a result of restricted access to the motorway. 
A detailed description of the sample locations along the M25 orbital motorway 
follows: 
Junction 6- Godstone Interchange on the roundabout south-bound on the 
A22 Godstone by-pass under the M25 anticlockwise carriageway. 
Junction 6 - Godstone Interchange M25 on-slip on the clockwise carriage-
way. 
Junction 7- M23 (Jcn 8) on the north-bound M23 on-slip from a clockwise 
direction, above the M25 and below the M23. 
Junction 7 - M23 ( J en 8) under the M23 on the anti clockwise carriageway. 
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Junction 8 - Reigate Hill under the A217 Brighton Road on the clockwise car-
riageway. 
Junction 8 - Reigate Hill under the A217 Brighton Road on the anticlockwise 
carriageway. 
Junction 9- Leatherhead westbound on-slip from A245 Leatherhead by-pass. 
Junction 9 - Leather head the anticlockwise carriageway above A243 Kingston 
Road. 
Junction 10- A3 Guildford clockwise off-slip onto A3 south-bound. 
Junction 10- A3 Guildford under the A3 on the anticlockwise carriageway. 
Junction 11 - A320 under A320 clockwise carriageway. 
Junction 11 - A320 under A320 anticlockwise carriageway. 
Junction 12 - M3 ( J cn2) clockwise carriageway above M3. 
Junction 12 - M3 ( J cn2) anticlockwise carriageway above M3. 
Junction 13- A30 Staines clockwise carriageway above A30. 
Junction 13 - A30 Staines A30 on-slip on the anticlockwise carriageway. 
Junction 14- A3113 Heathrow M25 off-slip on the clockwise carriageway. 
Junction 14- A3113 Heathrow A3113 on-slip on the anticlockwise carriage-
way. 
5.4.1 Sample collection 
At each of the sites, motorway verge dust samples weighing between 250 and 
500 g were taken using a plastic scoop, placed into clean, labeled polythene bags 
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and sealed for transportation back to the laboratory. Each sample was then dried 
overnight in a drying oven at 110oC and fractionated into three sizes; <75 11m, 75-
125 11m and 125-250 11m by shaking through a series of test seives. Each fraction 
was analysed in triplicate using both microwave and hotplate digestion techniques. 
For microwave digestion, approximately 0.150 ±0.005 g of dust was weighed 
into PTFE digestion vessels. To this, 10 ml nitric acid was added followed by 10 ml 
hydrofluoric acid. The samples were then subjected to the digestion procedure 
detailed in Table 4.1. The resulting solution was transferred to squat beakers 
and evapourated to incipient dryness. For the open vessel digestion, dust samples 
of mass 0.150 ±0.005 g were weighed into 50 ml polypropylene squat beakers to 
which a 10 ml portion of nitric acid and 10 ml of hydrofluoric acid was added. 
After addition of the acids, the vessels were heated to incipient dryness over a hot 
water bath A further 10 ml of aqua regia was then added and again heated to 
incipient dryness. Both sets of samples were then redissolved in 1 ml aqua regia 
and diluted to 25 ml with DDW. 
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(a) Unused 
(b) Used 
Figure 5.4: Appearances of unused and used 
catalytic converters 
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5.4.2 Analysis 
The methods of analysis developed in Chapter 4 were used to determine plat-
inum levels in the dust samples. In addition, cadmium and lead, two elements 
found in a motorway environment t, were also studied. For cadmium, the 112Cd+ 
isotope was used and for lead, the 208Pb+ isotope. In the case of cadmium, internal 
standardisation was achieved through monitoring the signal from a 100 ng ml-1 
solution of indium (113In+ isotope) added as a spike to each test solution. 
As was the case with the alkali fusion of geological samples, suspended par-
ticulate matter in the sample solutions caused deposition of solid material onto 
the SOLA cones. This again caused 'ticking'. In order to alleviate this problem, 
the sample solutions, contained in 25 ml Sterilin bottles (Bibby Sterilin, Stone, 
Staffordshire, UK), were centrifuged for 5 minutes at 4500 rpm. Subsequent anal-
ysis was free from this problem. Analysis was carried out in accordance with the 
method described in Section 4.7. 
In addition to the collected samples, the two CRMs, NIST 2556 and 2557 were 
digested and analysed as was the 'in-house' reference sample, SUCC-1. 
5.4.3 Results and conclusions 
The distribution of platinum in the three size fractions studied is shown in Fig-
ures 5.6 and 5.7. In both of these figures, a refers to the anticlockwise carraigeway 
and c the clockwise carriageway of each junction on the M25. 
Figures 5.8- 5.11 compare the two digestion methods for all of the size fractions 
investigated. To assess if these two methods give significantly different results, the 
Student's t-test can be employed. First, a F-test determines if there is a significant 
difference between the standard deviations of the two sets of data and if not, the 
tsee Table 5.1 
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Student's t-test can then be applied*. In Table 5.6, both the calculated IFI and 
ltl values can be seen to be less than the IFI and It I critical values indicating that 
there is no significant difference between the two methods of sample digestion at 
the 95% confidence interval. 
tnetails of the significance tests used can be found in Appendix B. 
_________________ ......__ _________ '---'---- - - - ·-· .. . . 
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Figure 5. 7: Pt in M25 dusts using hotplate digestion 
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Figure 5.9: Pt in motorway dusts - <75 microns 
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Figure 5.10: Pt in motorway dusts - 75-125 microns 
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Figure 5.11: Pt in motorway dusts - 125-250 microns 
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Table 5.6: F-test and Student's t-test values for 
Pt-containing motorway dusts- comparison of 
digestion methods 
171 
Test <75 11m 75-125 11m 125-250 p.m all fractions IFI crit/ltl crit* 
F 
Stud. t-test 
1.28 
0.33 
*95% confidence interval 
1.82 
1.03 
1.52 
1.00 
1.54 
0.63 
2.616 
2.01 
Previous research has indicated that platinum is seen at a higher concentration 
in size fractions of <63 p.m than in the heavier fractions for roadside dust and 
stream sediments [Wei & Morrison, 1994]. A paired t-test was used to test 
the null hypothesis, 'platinum is equally distributed in each size fraction'. The 
data obtained is shown in Table 5.7 for both digestion methods. The calculated 
results are all greater than It I critical at the 95% confidence interval and hence the 
null hypothesis is rejected; platinum is not equally distributed between the size 
fractions. 
Table 5.7: Paired t-test values for Pt-containing 
motorway dusts - comparison of size fractions 
Method Fractions (p.m) ltl calc ltl crit 
95% confidence interval 
Microwave <75, 75-125 6.40 2.10 
Microwave 75-125, 125-250 23.29 2.10 
Microwave <75, 125-250 18.65 2.10 
Hotplate <75, 75-125 10.98 2.10 
Hotplate 75-125, 125-250 23.97 2.10 
Hotplate <75, 125-250 32.96 2.10 
----------------------------- --- -- - ----
.. .. --- -------------------------------. 
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At each junction studied, dust samples were taken from both the clockwise 
and anticlockwise carriageways. To establish if platinum is equally distributed 
between the two carriageways, a paired t-test can be used. Table 5.8 shows that 
for all but one size fraction (microwave digestion, 125-250 microns) the calculated 
ltl values are greater than ltl critical at the 95% confidence interval. It can be 
therefore be concluded that platinum is not equally distributed between the two 
carriageways. 
Table 5.8: Paired t-test values for Pt-containing 
motorway dusts - comparison of the clockwise and 
anticlockwise carriageways 
Method Size fraction ltl calc I tl crit 
95% confidence interval 
Microwave <75 );liD 3.26 2.31 
Hotplate <75 );liD 8.81 2.31 
Microwave 75-125 );liD 17.72 2.31 
Hotplate 75-125 );liD 23.67 2.31 
Microwave 125-250 );liD 1.42 2.31 
Hotplate 125-250 lliD 13.32 2.31 
Microwave all fractions 6.15 2.31 
Hotplate all fractions 16.19 2.31 
Analysis of cadmium and lead was conducted on each of the size fractions. 
Figure 5.12 shows the distribution of cadmium by the two digestion methods in 
each of the dust samples taken. Similarly, Figure 5.13 gives the data for lead. 
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As with platinum, the F-test and Student's t-test can be employed to establish 
if there is any difference between the two digestion procedures. Data is presented 
in Tables 5.9 and 5.10. Where the calculated IFI value is greater than the critical 
IFI value, a modified equation is used to calculate the ltl values and degrees of 
freedom (see Appendix B). As was the case with platinum, both the calculated IFI 
and ltl values were found to be less than the critical values at the 95% confidence 
interval, confirming that there is no significant difference between the two methods 
of open vessel and microwave digestion. 
Table 5.9: F-test and Student's t-test values for 
Cd-containing motorway dusts 
Test <75 pm 75-125 pm 125-250 pm all fractions IFI/Itl crit* 
F 
Stud. t-test 
Modified 
Stud. t-test 
1.77 
0.31 
*95% confidence interval 
7.28 
0.86 
2.47 
1.35 
2.18 
1.01 
Table 5.10: F-test and Student's t-test values for 
Ph-containing motorway dusts 
2.616 
2.01 
2.04-
Test <75 pm 75-125 pm 125-250 pm all fractions IFI/Itl crit* 
F 2.60 2.89 2.72 2.69 2.616 
Stud. t-test 1.44 2.01 
Modified 
Stud. t-test 1.46 1.75 1.56 2.04-
*95% confidence interval 
--------------------- ------ ------- --- - - ---- - - - --
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Platinum concentrations compared with traffic density 
The motorway junctions investigated in this work are estimated to have be-
tween 120 000 and 145 000 vehicles per day traveling through them (Table 5.11) 
[Ward, 1999]. In Figures 5.14 and 5.15, the platinum concentrations found in the 
dusts are compared against the daily traffic density for each junction. By placing 
a regression line on each set of data and observing the calculated R2 value, it is 
clear to see that platinum concentration is not directly related to traffic density 
as the R2 values range between 0.0211 and 0.2259. This conclusion may seem 
surprising but it should be remembered that the distribution of dust along the 
hard shoulder of the motorway is dependent on a number of physical influences. 
Among these are topography, wind direction and speed, rainfall, sampling strategy 
and time between road sweeping. Were the whole motorway exposed to identical 
external influences, results could be very different. As an example, the platinum 
values obtained for Junction 10 (A3) appear to be higher than for any other junc-
tion. At this sampling location, there is a steep cutting underneath the A3 which 
could allow accumulation of dust over time. Indeed, this was observed by Samp-
son [1987] when carrying out work at the same location. Also, at this junction, 
there is often a build-up of vehicles on the clockwise off-slip which is due to traffic 
light control. This causes erratic stop-start like behaviour which, as previously 
mentioned, can contribute to breakdown of a catalytic converter. 
Graphs of metal concentration against traffic flow were also performed for 
cadmium and lead. The data, summarised in Table 5.12, again shows there to be 
no correlation between the two, confirming the results obtained for platinum. 
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Table 5.11: Daily traffic densities along the M25 
Orbital Motorway 
Junction Description Daily Traffic Density 
(vehicles day-1) 
6 Godstone Interchange 120 000 
7 M23 120 000 
8 Reigate Hill 120 000 
9 Leather head 120 000 
10 A3 135 000 
11 A320 125 000 
12 M3 125 000 
13 A30 145 000 
14 A3113 145 000 
Table 5.12: R 2 values for cadmium and lead 
concentrations against traffic density along the M25 
motorway 
Element Method <75 pm 75-125 pm 125-250 pm All fractions 
Cd Hotplate 0.2511 0.0171 0.5141 0.156 
Cd Microwave 0.0286 0.1124 0.0414 0.0651 
Pb Hotplate 0.0068 0.0071 0.0438 0.0142 
Pb Microwave 0.008 0.0137 0.0163 0.0122 
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Each of the three elements studied in this work comes from a different source 
within a motor vehicle. It would be expected then, that there would be no cor-
relation between between the concentrations of these metals in roadside dust. 
Plotting each of these elements against each other and calculating the correlation 
coefficient verifies this hypothesis. Figures 5.16 and 5.17 show there to be no 
correlation between the metals with the exception of cadmium and platinum by 
microwave digestion. Here, there is some positive correlation (R2=0.7015) but it 
is not significant. 
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5.4.4 Comparison with a background site 
The platinum content of road dust along a section of the M25 motorway is for a 
stretch of road that has been in service for more than ten years. The A34 Newbury 
bypass was opened to relieve congestion around the town of Newbury, Berkshire. 
Extensive work has been performed on this site by Hares [2000] concerning the 
heavy metal impact on the surrounding environment. This site was chosen as a 
background location and samples of roadside dust were obtained one month prior 
to its opening in November 1998. 
A location approximately halfway along the new portion of the A34 was chosen. 
From here, roadside dust was taken and placed in a clean polyethylene bag for 
transportation back to the laboratory. Drying and fractionation was undertaken 
as previously described (Section 5.4.1). 
Analysis and results 
The quantities of dust collected at the A34 Newbury bypass dictated dupli-
cate analysis of three size fractions, these being: <75, 75-125 and 125-250 pm. 
Both microwave and open vessel digestions were followed as described on Sec-
tion 5.4.1. Correction for the hafnium oxide interference was made and the results 
summarised in Table 5.13. As can be seen, all size fractions for each digestion 
method gave platinum values below the detection limit of 24 ng g-1. This would 
be expected for a site that had yet to receive any traffic flow. 
5.5 Platinum in a Motorway Run-off Treatment 
System 
The section of motorway studied in 5 .4.1 treats runoff mainly through the 
use of detention pond facilities. In addition, there are a number of biofiltration 
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Table 5.13: Platinum in roadside dust from a 
background site- A34 Newbury bypass 
Method <75 11m 75-125 11m 125-250 11m 
Microwave <DL * 
Open vessel <DL 
<DL 
<DL 
<DL 
<DL 
* detection limit 24 ng g-1 for a 150 mg sample 
facilities operating through the use of reed bed systems [Hares & Ward, 1999]. 
One such system investigated was the dry detention pond at Oxted, Surrey, 
located between junctions 5 and 6 of the M25. Runoff from an approximate 
stretch of 2.24 km (76 160 m2) discharges into this pond [Watts, 1998; Hares 
& Ward, 1999]. From the surface of the motorway, runoff water passes through 
a series of pipes to a grit trap and oil separator and then into a silt trap. This 
consists of a 30 x 2 m concrete channel divided into 25 smaller sections at a 
depth of 1m. By way of an overflow, water is discharged into a concrete-lined dry 
weather channel which transports the water to an outflow interceptor ( 3 x 2 m 
with a depth of >1.2 m) in dry conditions. During storm conditions, water can 
fill the clay-lined dry detention pond (25 x 20 m) to a depth of 0.2 m. Outflow 
is then channeled along a 50 m oxygenation cascade prior to discharge into the 
River Eden. A schematic of this system is given in Figure 5.18. 
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Samples of water, vegetation and sediment were taken from this facility ac-
cording to the following protocol: 
water was collected from the storm drain adjacent to the M24, silt trap, dry 
weather channel, interceptor, cascade and River Eden in 25 ml Sterelin ™ 
containers. These were previously washed with 1% aqua regia. On arrival 
back at the laboratory, they were stored in a refrigerator at 4°C. 
vegetation was collected from alongside the hard shoulder in the vicinity of the 
main discharge pipe from the M25 motorway. It was placed in clean poly-
thene bags for transportation back to the laboratory where it was subse-
quently dried overnight in an oven at 110°C. 
sediment samples were collected from the bottom of the silt trap using an acid-
washed plastic scoop. The material was placed in clean polythene bags and 
placed in a drying oven at 11 ooc for approximately 14 hours until dry. 
5.5.1 Analysis of Oxted samples 
All water samples were analysed for platinum using the method of on-line 
internal standard addition mentioned in Section 4.5. Sediment and vegetation 
were both digested using the open vessel procedure detailed in Section 4.4.3. NIST 
2556, 2557 and SUCC-1 were analysed alongside the samples. 
5.5.2 Results and discussion 
For each of the sampling sites investigated, data is shown in Table 5.14. For all 
sites, with the exception of sediment from the silt trap, platinum was not found 
at levels greater than the detection limit (0.13 ng ml-1 for water, 30 ng g-1 for 
vegetation and sediment). Its presence in the sediment demonstrates that the 
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platinum-containing dusts found on the hard shoulder of the motorway are trans-
ported by storm water into the treatment facility. Due to dilution factors, the 
detection limit of platinum in water is more than 200 times less than that in solid 
matrices and yet platinum was not observed in any water sample. This confirms 
the low solubility of platinum in water. In addition, the vegetation samples taken 
from the hard shoulder, although being exposed to relatively high levels of plat-
inum containing dust, showed no evidence (at the attainable detection limit) of 
taking up any platinum. This again can be attributed to low solubilisation of the 
platinum-containing particulate matter. 
Table 5.14: Platinum in a the dry detention pond at 
Oxted, Surrey 
Location Sample type Platinum concentration (%RSD) 
Hard shoulder vegetation <30 ng g-1 
Next to hard shoulder water <0.13 ng mi-1 
Silt trap water <0.13 ng ml-1 
Silt trap sediment 34.1 (3.0) ng g-1 
Dry weather channel water <0.13 ng ml- 1 
Interceptor water <0.13 ng ml-1 
Cascade water <0.13 ng ml-1 
River Eden water <0.13 ng ml-1 
5.6 Summary 
In this chapter, the digestion procedures and analytical techniques developed in 
Chapters 3 and 4 have been applied to the uptake of platinum by common ryegrass, 
roadside dust samples from a section of the London Orbital M25 motorway and 
vegetation, sediment and water from a storm water treatment facility. 
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Platinum was shown to be taken up by common ryegrass, Lolium perenne, 
when applied as either a solid or a liquid form, the later being more available for 
uptake. 
Dust samples from around the M25 motorway have been shown to contain 
elevated levels of platinum (when compared to a background site, the unopened 
A34 Newbury bypass). These samples are of a higher concentration than those 
found on the A3 trunk road in Richmond, Greater London [Farago et al., 1996] 
as would be expected for a road system that carries much higher traffic volumes. 
Data is in agreement for road and tunnel dusts studied throughout Europe and the 
USA (Table 5.15). The two digestion procedures studied, namely open vessel and 
microwave digestion did not give significantly different results. The distribution of 
platinum in dust of varying sizes did not appear to favour any particular fraction. 
In addition, cadmium and lead results showed no significant difference between 
the two digestion methods. This has the benefit that platinum analysis could 
conceivably be incorporated into a multi-element procedure with these two metals. 
Dust type 
Roadside 
Roadside 
Road dust 
Tunnel dust 
Road dust 
Road dust 
Street Dust 
Table 5.15: Literature values for 
platinum-containing roadside and tunnel dust 
Location Mean [Pt] Reference 
M25 Surrey Section ｾ＠ 194* ng g-1 This work 
A3, London :S 32.7 ng g-1 (Farago et al., 1996] 
San Diego ｾ＠ 680 ng g-1 [Hodge & Stallard, 1986] 
Miinchen ｾ＠ 730 ng g-1 [Helmers & Mergel, 1998a] 
Goteborg 2.66 ng g-1 [Wei & Morrison, 1994] 
Germany ｾ＠ 1000 ng g-1 [Schafer & Puchelt, 1998] 
Austria 12.04 ng g-1 [Parent et al., 1996] 
*by open vessel acid digestion 
Finally, through investigating a runoff treatment facility, located adjacent to 
5.6. SUMMARY 189 
the M25, platinum was not found to be present in water samples from the point of 
entry into the system to its exit. This can be attributed either to its low solubility 
in water or its relatively low abundance in the motorway system as sediment taken 
from the silt trap was found to contain only 34.1 ng g-1. 
- - -- .. ·:. · - .. ｾ＠ -- .·i .. .':...· - - - -- _ ... -

Chapter 6 
Conclusions 
"The known is finite, the unknown infinite; intellectually we stand on an 
islet in the midst of an illimitable ocean of inexplicability. Our business 
in every generation is to reclaim a little more land. " 
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6.1 Discussion 
The last decade has seen an explosion in the use of platinum for various in-
dustrial and medical purposes. As a result of increased production and usage, 
levels of the metal are increasing in the environment. The potential risk to hu-
mans and animals needs to be established and to this end, an accurate method of 
determination for both natural and artificial levels needs to be available. 
6.1.1 Platinum in the environment 
Platinum is seen at elevated levels in the environment due to three main rea-
sons, these being; precious metal refining, automotive catalytic converters, and 
effluent from hospitals engaged in cancer therapy involving platinum-based drugs. 
The matrices studied to date have been chosen according to these sources. Such 
materials include roadside soil [Zereini & Urban, 1993; Heinrich et al., 1996; 
Parent et al., 1996; Alt et al., 1997; Schafer & Puchelt, 1998], roadside, 
airborne and tunnel dust [Hodge & Stallard, 1986; Alt et al., 1993; Wei 
& Morrison, 1994; Schramel et al., 1995; Farago et al., 1996; Parent 
et al., 1996; Helmers & Mergel, 1998a; Helmers et al., 1998b; Schafer & 
Puchelt, 1998], motor vehicle exhaust fumes [Konig et al., 1992; Moldovan 
et al., 1999]), hospital effluent [Kiimmerer et al., 1999] and occupational 
exposed humans [Messerschmidt et al., 1992; Morazzoni et al., 1995; 
Schramel et al., 1995; Nygren & Lundgren, 1997]. 
6.1.2 Methods of platinum determination 
Over the years, a number of instrumental techniques have been used for plat-
inum determination. The majority of these techniques are, however, hampered by 
inadequate detection limits (when used for trace analysis) or are not financially 
viable. Those that fall into the former category include flame [Bowditch, 1973] 
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and electrothermal [Konig et al., 1992; Zereini & Urban, 1993; Torgov 
et al., 1996] atomic absorption spectrometry and inductively coupled plasma 
atomic emission spectrometry [Di N oto et al., 1995] whilst those from the lat-
ter include neutron activation analysis [Heinrich et al., 1996]. Literature is 
also showing work being performed by ion chromatography [Nachtigall et al., 
1997] and voltammetry [Adeloju et al., 1990; Nygren et al., 1990; Messer-
schmidt et al., 1992; Alt et al., 1993; Wei & Morrison, 1994; Ballach 
& Wittig, 1996; Alt et al., 1997; Nygren & Lundgren, 1997; Helmers 
et al., 1998b; Kiimmerer et al., 1999]. 
6.1.3 ICP-MS in platinum determinations 
The technique of inductively coupled plasma mass spectometry, (ICP-MS) is 
one of the most popular analytical techniques available today. With a number 
of sample introduction systems available, a wide range of sample matrices can be 
successfully analysed. Such systems include: 
• laser ablation used for the analysis of solids, 
• hydride generation suitable for elements that readily form hydrides at 
room temperature, such as arsenic, bismuth, germanium, lead, antimony, 
selenium, tin and tellurium, 
• electrothermal vapourisation ideal for liquid samples of limited volume, 
and 
• ultrasonic nebulisation greater efficiency than conventional nebulisation 
for liquids. 
ICP-MS offers multi-element capabilities in a single analytical run, a benefit 
not seen in other techniques such as AAS and voltammetry. However, it should 
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be remembered that when attempting the determination of elements close to their 
respective detection limits, single-element analysis is preferred. This can be seen 
from the work in Chapter 3 concerning the instrumental optimisation required to 
obtain maximum sensitivity for platinum analysis. As an example, it was shown 
that a small change in RF power or nebuliser flow rate can have a dramatic 
effect upon sensitivity. When attempting multi-element analyses, a trade-off in 
sensitivity occurs for each element that is studied. Another consideration is the 
choice of internal standard used which is necessary to correct for any drift in 
analyte signal that may occur over time. The more elements that are analysed for 
in the sample, the greater the chance that more than one internal standard will 
be required. 
This work highlighted the many considerations needed to perform analysis for 
platinum by quadrupole ICP-MS (Q-ICP-MS). The findings are summarised in 
Table 6.1. 
6.1.4 Sample preparation and analysis by ICP-MS 
A number of sample types were investigated in this work including geological 
material, roadside dust, soil, sediment and plant material (grass). Fusion with an 
alkali flux has been the method of choice for geological material for many years 
but was found to be unsuitable for ICP-MS due to both high levels of sodium 
(from the Na20 2 flux material) causing suppression of the platinum signal and a 
high amount of dissolved solid in the sample solution causing instrumental cone 
blocking. Preliminary attempts were made to remove sodium from the sample 
solution through the use of an ion exchange resin, namely hydrated antimony 
pentoxide. This proved to be unsuitable as quantitative recovery of platinum was 
not observed. Acid digestion was then investigated with two methods examined, 
namely open vessel and closed vessel microwave digestion. Using geological-based 
samples, both of these methods showed a high degree of sample dissolution whilst 
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Table 6.1: Summary of instrumental conditions and 
isotope selection for platinum analysis by 
Q-ICP-MS 
Condition Value Notes 
RF Power 1.4 kW 
Nebuliser flow rate 0.95 1 min-1 
Isotope abundance 33.8% 195pt+ 
Interference consideration 79Hf+16o+ 
195 
Internal standard 191Ir 37.3% natural abundance 
Spray chamber temp. 2°C 
Nebuliser V-groove less prone to blockage 
Sample uptake rate 0.88 ml min-1 10 rpm 
Wash-out solution 5% aqua regia 5 minutes 
Scan paramaters 16 channels, 10 scans, 
100 passes, 2 ms dwell 
using an aqua regia and hydrofluoric acid matrix. In considering the two methods, 
open vessel digestion gave excellent recoveries for SARM 7 and WM G-1 ( CRMs). 
Regrettably, the geological samples supplied for analysis were not found to contain 
levels of platinum above the detection limit. 
Vegetation, soil and sediment samples were found to be sufficiently digested 
using the open vessel technique with this same acid mixture, but with samples 
of roadside dust, bubbles of gas in the aqua regia solution caused flotation of the 
fine material on the surface of the acid mixture. An initial digestion using nitric 
acid and hydrofluoric acid was therefore recommended followed by the addition of 
aqua regia. 
With regards to storage of digested samples, a matrix of 5% aqua regia was 
recommended in conjunction with storage in a refrigerator at rv 4°C. Once pre-
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pared, it was recommended that analysis takes place within 3 days. 
The presence of hafnium in a sample to be analysed for platinum can cause 
significant problems through the formation of polyatomic interferences, namely 
179Hf160+ on 195Pt+. In considering the two methods available to the analytical 
chexnist, chemical separation and mathematical correction, it is the latter that 
has been investigated. Three methods proposed by Lustig et al. [1997] and 
Parent et al. [1997] were examined. Through experimentation, the formation 
of hafnium oxide was found to be constant over time and also proportional to 
the concentration of hafnium added. The first method of Parent et al. [1997] 
was considered to be most suitable for environmental platinum analysis using a 
Finnigan MAT SOLA ICP-MS. A modification is made to the calculation of the 
RHro term (Equation 6.1) where the 179Hf160+ / 179Hf+ ratio is calculated from a 
number of hafnium-containing solutions at a variety of concentrations rather than 
a single measurement. Internal standardisation for hafnium was achieved through 
monitoring of the 159Tb+ signal. 
(6.1) 
Certified reference materials 
There is a definite need for suitable certified reference materials (CRMs) to 
ensure the validity of analytical techniques and results. Unfortunately, such mate-
rials are expensive and, in the case of samples suitable for platinum work, are few 
and far between. It is here that the 'in-house' reference material is a useful addi-
tion to the analytical chemists toolbox. Two commercially available CRMs* are 
derived from crushed catalytic converter material. An 'in-house' reference mate-
rial was produced from a monolith-based catalytic converter crushed to a particle 
*NIST 2556 Used Auto Catalyst (Pellets) and 2557 Used Auto Catalyst (Monolith) 
----------- --------------- --
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size of < 75 11m. Inter-method (ICP-MS and FAAS) and inter-laboratory anal-
ysis (Dept. of Chemistry, University of Surrey and Institute for Chemistry and 
Biotechnology, Agricultural University of Norway) assigned a platinum content of 
3563 (176) ng g-1 to this 'in-house' sample. The sample, named SUCC-1 t, was 
then employed in further platinum analysis. 
6.1.5 Platinum in a motorway environment 
In a motorway environment, a major source of heavy metal pollution is from 
the motor vehicle. Since the introduction of catalytic converters, platinum is 
now one of these metal pollutants. A plant growth experiment was undertaken to 
establish if platinum could be uptaken by common rye grass, Lolium perenne, from 
a platinum-containing solid matrix (CRM 2557) and a liquid matrix (synthetic 
platinum solution). The experiment was conducted to simulate natural conditions 
as far as possible. Similar work was performed by Lustig et al. [1997] with edible 
plants, namely onion, -radish, potato, maize and broad bean. Uptake of platinum 
is very low (up to 1%) from the addition of crushed catalytic converter material 
which is in agreement with the work of Lustig et al. [1997]. For the samples 
treated with an aqueous platinum solution, up to 2% of the platinum was found 
in the shoots. With the levels of platinum found in roadside dusts being around 
5000 times less than the platinum content of the crushed catalytic converter, it is 
very unlikely that platinum will be detected in the leaves and roots of grass using 
this technique. 
In relation to the modest amount of work done concerning platinum in roadside 
dust, one publication deals with roads in the UK [Farago et al., 1996]. This 
was for a section of the A3 roadway in Richmond, Greater London, with platinum 
values of up to "" 30 ng g-1 being observed. This research has investigated a 
section of the London Orbital M25 motorway consisting of some of the busiest 
tsurrey Used Catalytic Converter- 1 
- - - --· -- -------
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motorway junctions found in the UK with daily traffic densities of around 100 000 
vehicles per day. Dust taken from the side of the motorway was separated into 
different size fractions, namely <75 pm, 75-125 pm and 125-250 pm, and analysed 
by both open vessel digestion and closed vessel microwave digestion. Statistical 
analysis using a F -tests paired t-test and Student's t-test yielded the following 
conclusions concerning platinum: 
• there is no significant difference between the two digestion methods at the 
95% confidence level, 
• platinum is not equally distributed between the size fractions, 
• platinum is not equally distributed between the two carriageways, and 
• platinum levels do not appear to be directly related to traffic density. It 
should be noted though that numerous other factors must be taken into 
consideration, such as topography and traffic flow. 
Two other elements commonly found in a motorway environment, namely lead 
and cadmium, were also studied. As with platinum, no significant difference was 
seen between the two digestion procedures. Concentrations of the three elements 
do not appear to be related to each other. 
In a motorway run-off treatment system, platinum was observed (at a level 
of 34.1 ng g-1) in the sediment from a silt trap. It is suggested that this level 
represents particulate matter carried from the surface of the motorway during 
storm events. At no other locations along this treatment facility were platinum 
levels observed, emphasising its low solubility in rain water. Even grass taken 
directly from the side of the hard shoulder failed to show any uptake of platinum 
with levels of <30 ng g-1. 
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6.2 Suggestions for Further Work 
It was shown in Chapter 5 that plant material ( Lolium perenne) will uptake 
platinum from the soil and water in which it grows. For cattle grazing close to 
major roads and motorways there is a possibility of accumulation of trace amounts 
of platinum within their bodies. Samples of milk and meat should therefore be 
analysed for their platinum content. 
Many metals are complexed with humic materials and there is some evidence 
to suggest that platinum is one such element. Further research is required to 
establish the degree of solubilisation and speciation studies will yield information 
concerning the chemical form of the mobile platinum species. 
A limited amount of work has been done on humans receiving platinum therapy 
for certain cancers and also the health workers associated with the administration 
of these drugs. Both of these groups need to be studied more extensively. 
Some work has been done to date concerning platinum in human blood and 
urine, both from occupationally exposed and baseline subjects. A larger database 
is required by monitoring such groups as motorway and urban road workers, 
schools with playgrounds located adjacent to busy urban roads, precious metal 
refinery workers and nursing and other medical staff involved in the adminis-
tration of platinum-based chemotherapy drugs. Current literature ([Nygren & 
Lundgren, 1997]) reports levels in blood to be low (typically a few ng 1-1) and 
as such Q-ICP-MS is likely to be unsuitable due to its relatively high detection 
limits, namely 0.12 ng ml-1. 
6.2.1 Rhodium and palladium 
Both rhodium and palladium are emitted with platinum from catalytic con-
verters. These two elements also need to be investigated to determine baseline 
levels and hence to monitor for elevated levels. It is possible that both of these 
--------------------------- -·------- --
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metals will accumulate in plant material and cytotoxic effects must be considered. 
The analysis of these two elements in samples from road systems also brings a 
number of analytical challenges, not least of all those of isobaric and polyatomic 
interferences. Both elements are subject to interferences by other elements present 
in high concentrations in road system samples. 106Cd+ and 108Cd+ both overlap 
106Pd+ and 108Pd+, 40 Ar66 Zn+ also overlaps 106Pd+. In addition, 103Rh+ can be 
affected by both 206Pb2+ and 40 Ar63Cu+. A summary of these interferences is 
given in Table 6.2. 
Table 6.2: Spectroscopic interferences on palladium 
and rhodium 
Isotope Pd Pd Rh Rh 
(isobaric - %) (polyatomic) (isobaric - %) (polyatomic) 
102 Ru+ (31.6%) 
103 206pb2+ 4o Ar6acu+ 
104 Ru+ (18.7%) 4o Ar64zn+ 
105 
106 Cd+ (1.25%) 4o Ar66zn+ 
108 Cd+ (0.89%) 4o Ar6szn+ 
110 Cd+ (12.49%) 
6.3 Conclusions 
This work has been concerned with the use of Q-ICP-MS as a technique for the 
determination of platinum in environmental samples. It has shown that although 
platinum measurements by Q-ICP-MS are far from straightforward, good levels of 
accuracy, precision and reproducibility are achievable. The need for careful isotope 
selection, choice of isotope and considerations of polyatomic interference has been 
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demonstrated. An evaluation of open and closed vessel microwave digestion has 
concluded that both methods are suitable for environmental platinum analysis, 
the former being preferred due to a shorter overall digestion time. 
The instrumentation used for this work is capable of producing accurate, pre-
cise and reproducible results. It does suffer, however, from less than ideal detection 
limits; an issue that cannot be improved upon with the Finnigan MAT SOLA ma-
chine. Exciting advances have been made in the last few years by instrument 
manufacturers, producing inductively coupled plasma mass spectrometers capa-
ble of superior mass discrimination and polyatomic interference reduction. Use of 
such hardware incorporating high resolution magnetic sector technology, should 
enable detection limits in the order of parts per quillion (1 x 10-12 g g-1) of plat-
inum to be obtained. With sufficient mass resolution, the problems of polyatomic 
interferences in platinum determination can be almost eliminated. 
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A.l Degrees of Ionisation 
Figure A.1 gives the calculated values for degree of ionisation forM+ given Tion 
= 7500 K and ne = 1 x 1015 cm-3 . Figures in parentheses represent M2+ formed. 
Elements marked with an asterisk yield significant M2+, but partition funtions are 
not available [Honk, 1986]. The values are calculated from the Saha Equation 
[Evans et al., 1995]: 
(A.1) 
where ni, ne and na are the number densities of ions, free electrons and atoms, Zi 
and Za are the ionic and atomic partition functions, m is the electron mass, k is 
the Boltzmann constant, Tis the plasma temperature, his Planck's constant and 
Ei is the first ionisation potential. 
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A.2 Relative Abundances of Naturally Occur-
ring Isotopes 
Figure A.2 shows the relative abundances of the naturally occurring isotopes. 
Data is taken from a reference chart supplied by Micromass UK Ltd [1999]. 
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B.l Statistical Methods 
In evaluating the data obtained throughout this work, the following statistical 
methods have been used [Brooks, 1972; Miller & Miller, 1988]. 
13.1.1 J?-test 
The F-test is used to compare standard deviations between two data sets. A 
two-tailed F -test is employed prior to using a t-test. It considers the ratio of the 
san1ple variances calculated according to Equation B.1 where si and ｳｾ＠ are the 
respective variances for each data set and assigned such that F ｾ＠ 1. 
B.1.2 Student's t-test 
2 
F = sl 
ｳｾ＠ (B.1) 
The Student's t-test compares two methods to establish if they give the same 
result. Using the two sample means x1 and x2 and assuming the standard de-
viations (s1 and s2 ) are not significantly different (using the F-test), the pooled 
estimate of standard deviation is calculated (Equation B.2) . 
(B.2) 
t is then given by (Equation B.3): 
(B.3) 
where t has n 1 + n 2 - 2 degrees of freedom. 
B.l. STATISTICAL METHODS 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
1 
647.8 
38.51 
17.44 
12.22 
10.01 
8.813 
8.073 
7.571 
7.209 
6.937 
6.724 
6.554 
6.414 
6.298 
6.200 
6.155 
6.042 
5.978 
5.922 
5.871 
Table B.l: Critical values ofF for a two-tailed test 
(P=0.05) 
2 
799.5 
39.00 
16.04 
10.65 
8.434 
7.260 
6.542 
6.059 
5.715 
5.456 
5.256 
5.096 
4.965 
4.857 
4.765 
4.687 
4.619 
4.560 
4.508 
4.461 
3 
864.2 
39.17 
15.44 
9.979 
7.764 
6.599 
5.890 
5.416 
5.078 
4.826 
4.630 
4.474 
4.347 
4.242 
4.153 
4.077 
4.011 
3.954 
3.903 
3.859 
4 
899.6 
39.25 
15.10 
9.605 
7.388 
6.227 
5.523 
5.053 
4.718 
4.468 
4.275 
4.121 
3.996 
3.892 
3.804 
3.729 
3.665 
3.608 
3.559 
3.515 
5 
921.8 
39.30 
14.88 
9.364 
7.146 
5.988 
5.285 
4.817 
4.484 
4.236 
4.044 
3.891 
3.767 
3.663 
3.576 
3.502 
3.438 
3.382 
3.333 
3.289 
6 
937.1 
39.33 
14.73 
9.197 
6.978 
5.820 
5.119 
4.652 
4.320 
4.072 
3.881 
3.728 
3.604 
3.501 
3.415 
3.341 
3.277 
3.221 
3.172 
3.128 
7 
948.2 
39.36 
14.62 
9.074 
6.853 
5.695 
4.995 
4.529 
4.197 
3.950 
3.759 
3.607 
3.483 
3.380 
3.293 
3.219 
3.156 
3.100 
3.051 
3.007 
8 
956.7 
39.37 
14.54 
8.980 
6.757 
5.600 
4.899 
4.433 
4.102 
3.855 
3.664 
3.512 
3.388 
3.285 
3.199 
3.125 
3.061 
3.005 
2.956 
2.913 
9 
963.3 
39.39 
14.47 
8.905 
6.681 
5.523 
4.823 
4.357 
4.026 
3.779 
3.588 
3.436 
3.312 
2.209 
3.123 
3.049 
2.985 
2.929 
2.880 
2.837 
10 
968.6 
39.40 
14.42 
8.884 
6.619 
5.461 
4.761 
4.295 
3.964 
3.717 
3.526 
3.374 
3.250 
3.147 
3.060 
2.986 
2.922 
2.866 
2.817 
2.774 
12 
976.7 
39.41 
14.34 
8.751 
6.525 
5.366 
4.666 
4.200 
3.836 
3.621 
3.430 
3.277 
3.153 
3.050 
2.963 
2.889 
2.825 
2.769 
2.720 
2.676 
15 
984.9 
39.43 
14.25 
8.657 
6.428 
5.269 
4.568 
4.101 
3.769 
3.522 
3.330 
3.177 
3.053 
2.949 
2.862 
2.788 
2.723 
2.667 
2.617 
2.573 
211 
20 
993.1 
39.45 
14.17 
8.560 
6.329 
5.168 
4.467 
3.999 
3.667 
3.419 
3.226 
3.073 
2.948 
2.844 
2.756 
2.681 
2.616 
2.559 
2.509 
2.464 
v1 = number of degrees of freedom of the numerator and v2 = number of degrees of freedom of the denominator 
If a significant difference is found from a F -test, Equation B.4 is used to cal-
culate the ltl value thus: 
t= (B.4) 
and the degrees of freedom are given by (Equation B.5): 
(B.5) 
212 STATISTICS 
Table B .2: The t distribution 
Value of t fo.r a confidence interval of I tl 90% 95% 98% 99% 
for P values of number of degrees of freedom 0.10 0.05 0.02 0.01 
1 6.31 12.71 31.82 63.66 
2 2.92 4.30 6.96 9.92 
3 2.35 3.18 4.54 5.84 
4 2.13 2.78 3.75 4.60 
5 2.02 2.57 3.36 4.03 
6 1.94 2.45 3.14 3.71 
7 1.89 2.36 3.00 3.50 
8 1.86 2.31 2.90 3.36 
9 1.83 2.26 2.82 3.25 
10 1.81 2.23 2.76 3.17 
12 1.78 2.18 2.68 3.05 
14 1.76 2.14 2.52 2.98 
16 1.75 2.14 2.58 2.92 
18 1.73 2.10 2.55 2.88 
20 1.72 2.09 2.53 2.85 
30 1.70 2.04 2.46 2.75 
50 1.68 2.01 2.40 2.68 
00 1.64 1.96 2.33 2.58 
B.1.3 Paired t-test 
When comparing two methods of analysis where each sample has different ana-
lyte concentrations, a paired t-test can be used. The mean difference (xd) between 
the two methods and standard deviation (sd) give at value of (Equation B.6): 
(B.6) 
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